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ABSTRACT
BULK AND SURFACE COMPOSITES PREPARED IN CARBON DIOXIDE
SEPTEMBER 1999
EDWARD KUNG, B.S., CORNELL UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas J. McCarthy and Professor Alan J. Lesser
This dissertation describes the use of supercritical carbon dioxide (SC CO^) as an
aid in fabricating polymer/polymer composites. Monomers and initiators were infused into
solid polymer substrates using SC CO2. The monomers were subsequently polymerized
within the substrates to form composites. CO^ swells the polymer substrate and increases
the diffusivity of reactants within the substrate. The solvent strength of SC CO2 is tunable
allowing control over the degree of swelling and over the partitioning behavior of the
reactants. CO^ can be easily removed from the final products.
First, polystyrene/polyethylene bulk composites were investigated. Styrene and a
radical initiator were infused into and reacted throughout the bulk of polyethylene
substrates. The composite composition was controlled by controlling infusion time,
reaction time and partitioning conditions. Characterization of the composites showed that
the the crystalline domains of the polyethylene were unaffected. Styrene infused into and
polymerized within only the amorphous domains of polyethylene.
Polyethylene and polystyrene are immiscible; the semicrystalline nature of
polyethylene frustrated gross phase separation of the polystyrene. The resulting
"kinetically trapped" phase morphology gave the composites interesting mechanical
properties. The phase morphology was characterized, and the polystyrene was found to
reside within the interlamellar regions and the centers of the polyethylene spherulites.
V
The polystyrene formed a continuous "scaffold" that reinforced the polyethylene. The
reinforcement provided efficient and dramatic improvement in the composite modulus and
strength. However, the composites fracture toughness decreased with increasmg
polystyrene content. The fracture behavior was correlated to the microstructural damage
mechanisms in the composites.
Second, surface composites were investigated. Using a two-stage process, ethyl 2-
cyanoacrylate (ECA) monomer was anionically polymerized in the surface regions of
poly(tetrafluoroethylene-co-hexafluoropropylene) substrates. An investigation of the
anionic polymerization of ECA in CO^ established the viability of that system. The
composite fabrication process involved first infusing a basic initiator into the substrate
using SC CO2. In the second step, monomer was introduced (using SC CO2) to the
substrate. As the monomer absorbed into the initiator-containing substrate, it would
polymerize. The composite surfaces were characterized using surface-sensitive techniques.
The mechanical performance of the composites were determined by measuring the adhesive
fracture toughness.
vi
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CHAPTER 1
INTRODUCTION
1.1 Overview
This dissertation describes the research performed on the use of supercritical carbon
dioxide (SC CO2) as a medium for enhancing the capabilities for the synthesis of
polymer/polymer composites. These composites are prepared by infusing a monomer into
a soHd polymer substrate and subsequently polymerizing that monomer. SC CO^
possesses many characteristics that can be utilized to enhance this process.
The first part of this research involved the formation of bulk immiscible polymer
composites of polystyrene and polyethylene. SC CO^ swells and plasticizes polyethylene
substrates allowing facile absorption of styrene monomer and radical initiator into the
substrates. The styrene can then be radically polymerized throughout the bulk of the
substrates. When the conditions for the infusion and polymerization process are selected
so that no melting of crystalline polyethylene occurs, the process occurs solely within the
amorphous domains of the substrates and the crystalline domains frustrate any phase
separation of the two polymers. The resulting composites of polystyrene and polyethylene
possess a "kinetically trapped" morphology that is unattainable by conventional melt
blending techniques. Polyethylene/polystyrene composites were chosen for study because
their individual homopolymer properties are extremely different. Conventionally made
blends of polyethylene and polystyrene are very poor materials as a result of their
distinctive properties coupled with their blend morphology, as will be discussed. Because
the mechanical properties of immiscible blends are highly dependent on their phase
morphology, the mechanical properties of composites produced in SC CO, differ
dramatically from those of conventionally produced blends. This research includes an
1
investigation of the phase morphology and how the morphology affects the mechanical
performance of the composites.
Fluoropolymers are inert to most chemical reagents and solvents, and, as a result,
their surfaces are notoriously difficult to modify. The second aspect of this research
involved the formation of a layer of one polymer within the upper surface region of a
fluoropolymer substrate. This may be an alternative method of introducing different
properties to the surface of fluoropolymer substrates to the more severe and less
controllable chemistries currently performed on fluoropolymers. The substrate polymer is
poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP); the polymerized layer polymer is
poly(ethyl 2-cyanoacrylate). Again, the properties of SC CO^ are employed to aid the
infusion of triphenylphosphine (an anionic initiator for cyanoacrylate polymerizations) into
the substrate. In a second step, cyanoacrylate monomer is introduced to the substrate using
SC COj. As the initiator desorbs from the substrate, it encounters the cyanoacrylate
monomer and initiate polymerization. Instead of allowing the polymerization to occur
throughout the bulk of the substrate, it is confined to the upper region of the substrate.
Without the plasticization by SC CO^ of the substrates, it would be very difficult for the
monomer to wet the surface of and permeate into the solvent-resistant fluoropolymer. This
project includes studies of the degree of change in the chemical composition of the substrate
surface as well as changes in the adhesion preformance of the composites obtained by this
technique.
1.2 Background
1.2.1 Supercritical Fluids
A material at conditions—temperature and pressure—above its critical point no
longer has a vapor-liquid equilibrium. Supercritical fluids (SCFs) possess properties
somewhere between those of a liquid and a gas. Depending on the conditions and the
2
particular property, a SCF can behave more gas-like or more liquid-like. There exist
excellent reviews on the properties of SCFs and the technology involved with their use.' -2
Although the properties that will be discussed here are common to all SCFs, the particular
examples given are for carbon dioxide.
The density of a SCF is continuously tunable as a function of temperature or
pressure up to liquid-like values, as shown in Figure 1.1.3 The solvent strength of a SCF
is likewise tunable because the solvent strength of a medium is related to the density of that
medium. The Hildebrand solubility parameter for CO^ can be calculated and ranges from
practically zero at gaseous densities to 15.8 MPa"^ at a density of 0.99 g/mL.4 This
tunability allows control over what a SCF dissolves. SCFs can attain liquid-like solvent
properties, yet they can still exhibit gas-like transport properties. The self-diffusion
coefficient of CO2 is on the order of 10'^ cmVs compared with the diffusivities of solutes in
normal liquids that average about 10"^ cmVs. The viscosity of CO2 ranges from about 0.02
cps to about 0. 1 cps, depending on the pressure and temperature. Again this can be one to
two orders of magnitude lower than the viscosity of a typical liquid. 1 The lack of a vapor-
liquid equilibrium also results in the lack of a surface tension, allowing SCFs to "wet" any
surface. Some of the mentioned property comparisons between SCFs and typical liquids
are summarized in Table 1.1.
3
10 100 1000
Pressure, P (atm)
Figure 1.1: Carbon dioxide density as a function of pressure and temperature.
^
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Table 1.1: Properties comparison between SCFs and typical liquids.
Medium
SCFs
Liquids
Diffusivity
(cmVs)
~10~
-10"^
Viscosity
(cps)
Surface Tension
(dyn/cm)
0.02-0.1
~1
0
17-72
CO2 is nonflammable, nontoxic and relatively inexpensive; its moderate critical
conditions (T^ = 3\.\ °C, P = 72.8 atm, = 0.468 g/mL) make it a convenient fluid to
use. The previously mentioned properties of SCFs make it an excellent aid for the infusion
of small molecule reactants into a solid polymer substrate. It is known that SC CO2 is a
very weak solvent that can only dissolve a small number of polymers—generally silicones
and some fluoropolymers.i.5 sC CO2 has been described as a weakly polar solvent with a
polarizability, a, of 27.6 x 10"^^ cm^ (a value similar to methane). Its weak polarity
prevents it from dissolving very polar polymers. CO^ does possess a substantial
quadupolar moment (Q = -4.3 x 10 erg"^cm^'^) that seems to prevent it from dissolving
completely nonpolar polymers. ^ SC CO2 is, however, a good swelling agent for most
polymers and will dissolve many small molecules. 1 '2-4.6-8 jhe variable solvent strength
provides a means to control the degree of polymer swelling as well as the partitioning of
small molecule penetrants between a swollen polymer phase and the fluid phase. Figures
1.2 and 1.3 demonstrate how the swelling of polycarbonate and polystyrene by CO2 and
how the partitioning of toluene between CO2 and silicone rubber can be varied.^-^ The
plasticization of the polymer and the fast transport properties of SC CO2 facilitate the
infusion of penetrants into the polymer. Shown in Figure 1 .4 are the enhanced diffusivities
of dimethyl phthalate in polyvinyl chloride and azobenzene in polystyrene when the
polymers are swollen to various degrees with COj.^''^ The zero surface tension allows the
5
sorption to proceed unhindered by wettability issues. Finally, SC CO, is a gas at ambient
conditions allowing extremely facile removal and recovery (if desired) of the CO, from the
polymer.
I
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Figure 1.2: Pressure dependent swelling of polycarbonate and polystyrene by carbon
dioxide at 35 °C.6
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Figure 1 .3: Pressure and temperature dependent partition coefficient of toluene between
silicone rubber and carbon dioxide.^
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Figure 1 .4: Diffusivity enhancement of small molecule penetrants in polymers plasticized
with carbon dioxide. ^-'O
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The diffusional enhancement of small molecule penetrants may also facilitate
reactions withm the solid polymer medium. If the diffusivity of absorbed reactants is high
enough to preclude mass transfer limitations, the reaction of these penetrants will proceed
under normal reaction rate-limited conditions. Using Smoluchowski's theory for
diffusion-limited reaction kinetics, one can make a crude estimate of the degree of
diffusional enhancement necessary to overcome mass transfer limitations. According to
Smoluchowski, the diffusion-limited rate constant, k, for the reaction will depend on the
interaction radius, R, for the reactants to react and the mutual diffusivity of the reactants,
D, by the following equation:
k = 47rRN^D,
(j^^
where A^^ is Avogadro's number.' ^ If one assumes that k is on the order of 10^-10'
L*mor'»s ' for a typical reaction rate-limited chain polymerization 12 and that R is on order
of 4 A, then D would be on the order of lO '^-lO " cmVs. This range of diffusivity marks
the boundary between reaction rate-limited and diffusion-limited reactions. If the mutual
diffusivity of the reactants is faster than that boundary range, then the reaction will exhibit
normal reaction rate-limited kinetics. Recalling some of the data presented in Figure 1 .4,
one should note that plasticization of a solid medium by CO2 can, indeed, enhance the
diffusivity of small molecule reactants enough to allow what would normally have been a
diffusion limited reaction to progress unfettered by mass transfer limitations.
1.2.2 Polymerizations in Supercritical Carbon Dioxide
Chain polymerizations have been conducted in near- and supercritical CO2. A
summary of some of the recent research has been compiled. It has been established that
SC CO2 is a viable reaction medium for the free radical polymerizations of a large variety of
monomers under a variety of conditions. Research on cationic polymerizations and ring
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opening metathesis polymerizations has proved their viability in SC CO3.14-I8 As
discussed in Section 1.2.1, SC CO, is generally a poor solvent for most polymers. Certam
monomers (e.g., /.-perfluoroalkyl-ethyleneoxymethyl styrene)'^ can be homogeneously
polymerized, however most polymers precipitate out of the SCF during polymerization. In
particular, the polymerization of styrene tends to produce relatively low molecular
weights.20 The use of surfactants has allowed some investigators to use dispersion and
emulsion polymerization techniques.2i-24
Special emphasis will be placed on the work previously perf-ormed in the McCarthy
research group by Watkins.25,26 jhey introduced a new route for preparing polymer
composites involving the swelling of polymer substrates with SC CO,. CO, swelling
allowed the facile infusion and subsequent free radical polymerization of a monomer within
and throughout the bulk of the substrates. Using styrene as the monomer, composites
were synthesized with a variety of solid semicrystalline and amorphous polymer substrates
including polychlorotrifluoroethylene, poly(4-methyl-l-pentene), polyethylene, nylon-6,6;
polyoxymethylene and bisphenol A polycarbonate. Polymer substrates were soaked in a
SC solution of initiator, styrene and CO, for a certain soak time at a certain soak
temperature. Then, the system was either vented and the temperature raised to allow the
polymerization to proceed for a desired reaction time or the reaction was run while the
swollen substrate was still in contact with the SCF. A schematic description of this method
is given in Figure 1.5. When the reaction occurs while still in contact with the SCF,
styrene consumed during the polymerization within the substrate is replenished by styrene
in the fluid phase. Also, the SC CO, plasticization effects enhanced reactant diffusivity.
Both of these phenomena allowed more uniform and higher polystyrene compositions to be
achieved. Watkins and McCarthy performed some detailed investigations using
polychlorotrifluoroethylene (PCTFE) substrates and demonstrated compositional control by
varying the soak time, the initial monomer concentration in the SCF, and the pressure of
10
the SCF. Figures 1.6-1.8 show the extent to which the composite synthesis could be
controlled by these variables.
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Figure 1.5: A schematic describing the SCF-assisted synthesis of polymer composites.
11
Soak Time (h)
Figure 1 .6: Polystyrene incorporation of PCTFE as a function of soak time (80 °C, 240
atm, 37 wt% styrene in carbon dioxide). ^6
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Figure 1 .7: Polystyrene incorporation of PCTFE as a function of the initial styrene
concentration in carbon dioxide. (80°C, 240 atm, 4 h soak). 26
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Figure 1 .8: Polystyrene incorporation of PCTFE as a function of pressure at a constant
initial styrene concentration in carbon dioxide (80 °C, 37 wt% styrene in carbon dioxide,
4 h soak). 26
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Characterization of the synthesized composites established that they
immiscible systems. As the polystyrene forms, it precipitates out of the swollen substrate
as a discrete phase that is detectable by thermal analysis and transmission electron
microscopy. Radical grafting of the polystyrene onto the PCTFE polymer chains was not
found to occur to any appreciable extent. Perhaps most interestingly, the research of
Watkins and McCarthy confirmed the hypothesis set out at the end of Section 1.2.1. They
found that CO^ plasticization induced an approximately 30-foId enhancement of styrene
diffusivity in PCTFE at 80 °C over neat conditions. This diffusional enhancement allows
the polymerizations to proceed in a solid polymer without mass transfer limitations. This
was evidenced from depth profiling the polystyrene incorporation into the substrate and by
measuring the molecular weight of the polystyrene formed within the substrate. They were
able to produce blends with a uniform incorporation of polystyrene throughout the bulk of
the substrate, and they found that the average molecular weight (weight average) of the
polystyrene formed inside the substrate was on the order of a few hundred thousand.
1.2.3 Polyethvlene/Polvstvrene Blends
Conventional methods of producing polyethylene/polystyrene blends involve some
form of high shear mixing of the two homopolymers in their molten state. Generally, this
involves one or more of the following techniques: injection molding, screw extrusion, roll
milling, and ball milling. The phase morphology and mechanical properties of such
conventionally produced blends have been studied for many years by a host of
researchers. 27-36 Most of their efforts have emphasized the establishment of some control
and improvement of the morphology (and thus mechanical performance) by adding a
variety of compatibilizers and using different mixing conditions.
Polyethylene and polystyrene are completely immiscible, even in their molten state;
the final blends tend to exhibit a spherical particulate morphology. The minor component
polymer forms spherical domains in a continuous matrix of the major component polymer.
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The pictures shown in Figure 1.9 are scanning electron micrographs of the fractured
surfaces of some conventionally produced polystyrene/polyethylene blends taken from the
literature.27 When the blends contain nearly equal amounts of the two polymers, they lose
the spherical particulate morphology. At these compositions, the blend is in a state of
phase inversion and possesses a complex and ill-defined morphology.
16
Figure 1.9: Scanning electron micrographs of the fractured surfaces of conventionally
produced blends: (a) 25:75 polyethylene/polystyrene; (b) 75:25 polyethylene/
polystyrene. 2^ (Reprinted with permission from Elsevier Science.)
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Conventionally produced blends of polyethylene and polystyrene exhibit very poor
mechanical performance. The strength of these blends, taken as the ultimate stress
achieved in a tensile test, generally pass through a minimum as a function of composition.
At most compositions, the composite strength of these materials is actually lower than the
strength of the weaker homopolymer. The immiscibility of the two polymers results in
very poor adhesion between the phase domains. Upon tensile loading, the minority phase
domains debond from the surrounding matrix, effectively diminishing the load bearing
cross-section of the specimens. The minority phase domains, especially when they are
large, can act essentially as "Griffiths" flaws in the material;37 they behave as stress
concentrators further weakening the composite material. Figure 1.10 shows the strength as
a function of blend composition for conventionally made polyethylene/polystyrene blends
taken from the literature.^^
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Figure 1.10: The ultimate tensile stress of conventionally produced polyethylene/
polystyrene blends.
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1.2.4 Cvanoacrvlate Polymerizations
Cyanoacrylate monomers are usually polymerized by anionic mechanisms, although
free radical mechanisms also work. Cyanoacrylates are among some of the most reactive
monomers used; the two electron-withdrawing substituents make the vinyl moiety
extremely electron deficient. Their high susceptibility to nucleophilic attack allows
polymerization with rather mild initiators such as amines and phosphines. Pepper's group
has done a great deal of research on the anionic polymerization of cyanoacrylates, and they
have found that the polymerizations are living in nature.38-45
The most relevant aspect of Pepper's research to this investigation is the work he
did on the stability of the polycyanoacrylate anions. The propagating sites in classic
anionic polymerizations (e.g., polystyrene) are extremely sensitive to terminating impurities
such as water, alcohols, oxygen, and CO^. Cyanoacrylate polymerizations are, by
contrast, very hard to terminate. By calorimetrically measuring the heat produced during
polymerization with the successive addition of aliquots of monomer after the additions of
potential terminating agents, Pepper showed that oxygen, CO2, and water did not terminate
the polymerization. Only the addition of a strong acid—hydrochloric acid—succeeded in
stopping further polymerization.39 However, when Pepper spectroscopically monitored
the absorbance at 250 nm of the living cyanoacrylate anion, he found that the absorbance
disappeared instantaneously upon the addition of CO2 to the reaction medium.'^' The
spectroscopic observations may be due to reaction of the cyanoacrylate anions with COj to
form a carboxylate anion, which would not absorb at 250 nm. The calorimetric data
suggest that despite the existence of the terminal carboxylate anions (implied by the
spectroscopic data), polymerization of cyanoacrylate will continue. For this to occur, either
the carboxylate anion decarboxylates and reforms the cyanoacrylate anion to continue
propagation, or the carboxyl anion adds to new monomer to continue propagation. Figure
1.11 shows how either of these two possibilities occur. If the latter occurs (Path B), then
20
CO, is incorporated into the backbone of the polymer; the result would be some statistical
copolymer of cyanoacry late and CO, This path, however, requires the kinetics of the
cyanoacrylate anion attack on CO, to be competitive with normal homopolymerization. If
the formation of carboxylate anions is competitive, the equilibrium constant (carboxylation-
decarboxylation) and the relative rates of paths A and B will dictate which or if both of the
two outcomes occur. Whether or not copolymerization occurs to any great extent, the
literature evidence suggests that cyanoacrylates should polymerize in a CO, medium.
CO
COOR
+ C0
ROOC
CN
COOR
Path A
CN
COOR
PathB ROOC
COOR
COOR
homopolymer
COOR
Figure 1.11: Possible reaction schemes for the polymerization of ethyl 2-cyanoacrylate in
the presence of CO,.
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CHAPTER 2
PREPARATION OF POLYETHYLENE/POLYSTYRENE BULK COMPOSITES
2.1 Introduction
As mentioned in Chapter 1, Watkins and McCarthy developed a new route for the
synthesis of polymer/polymer composites using supercritical carbon dioxide (SC CO,).l^
This technique involved the infusion of a vinyl monomer and a radical initiator into a CO^-
swollen solid polymer substrate at a temperature which the duration of sorption was much
shorter than the initiator half-life. When equilibrium sorption was attained, the temperature
of the system was raised to allow polymerization to occur. They found that the
composition of the composites could be controlled by varying the process parameters-
pressure, time, temperature, and monomer concentration.
Watkins and McCarthy performed detailed research on composites made by
polymerizing styrene in semicrystalline polychlorotrifluoroethylene (PCTFE). This
research involves a similarly detailed investigation of composites made by polymerizing
styrene within high density polyethylene (HDPE) using rerf-butyl perbenzoate (TBPB) as
the radical initiator. A schematic of the fabrication technique is provided in Figure 2.1.
Associated with the goal of studying the composites and their synthesis behavior, the
absorption kinetics and phase behavior of CO^ and styrene in HDPE also required
examination. Rather than using a variety of process parameters to control composition, the
simplest—reaction time—was used to create a range of compositions. The physical
properties of the synthesized materials were assessed primarily to determine the effects of
the synthesis technique on the crystallinity of HDPE. Molecular weight determination also
provided interesting results.
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Figure 2. 1
:
Schematic showing the strategy for polymerizing styrene in the bulk of a solidpolymer substrate usmg SC CO^ to produce a bulk composite.
2.2 Experimental Section
2.2.1 Materials
Substrate specimens were fabricated by compression molding commercially
available HDPE pellets (Dow Chemical, HOPE 04452N) into nominally 1.25 mm thick
plaques at 250 °C for 4 min. These plaques were then air cooled in the molding press to
110°C where they were held for a 24 h annealing period. Subsequently, the plaques were
cut into appropriately sized specimens. Styrene (Aldrich, 99% pure) was vacuum distilled
from calcium hydride. Ethylbenzene (99% pure) and TBPB (98% pure) were used as
received from Aldrich. CO2 was prepared in a manner described in Appendix A.
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2.2.2 Determination of Phase Behavior .nH a h^orntion KmpHrc
All supercritical experiments were performed in high-pressure stainless steel
vessels. The vessels were pressurized with SC CO, using a manually operated high-
pressure generator. Both the vessels and the high pressure generator are described m
Appendix A. On the basis of the work of Suppes and McHugh, all experiments described
herein were carried out under conditions where CO, and styrene exist as a single fluid
phase.
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Phase behavior and absorption kinetics of the HDPE/styrene/CO, system were
determined in the manner described by Berens et al.4.5 a HOPE specimen with a dry mass
of m, was placed in a high-pressure vessel that was subsequently purged with CO, gas and
equilibrated to 80 °C in a heated oil bath. The vessel was then pressurized with SC CO, at
80 °C to 240 atm using the manually operated high-pressure generator. The vessel was
allowed to soak for a certain soak time, t^. At the end of the soak period, the sample was
quickly removed from the vessel and transferred to a balance that was interfaced to a
computer. As the CO, desorbed from the sample, the mass of the sample, m„ was
recorded as a function of desorption time, tj. The mass uptake of CO,, M,^ = (m-mj/m„
was then plotted versus the square root of tj, which should give a straight line for Fickian
diffusion from a planar sheet. The mass uptake of CO, extrapolated back to = 0
represents the mass uptake of CO, at the end of the soak period, M,^. This experiment was
run on several specimens for successively longer until a constant M,^ is reached; that
constant value is the equilibrium sorption uptake, M^. Assuming Fickian sorption kinetics,
the diffusivity of CO, into the HDPE at the given soak pressure and temperature can be
calculated.
Similarly, the equilibrium sorption and diffusivity of ethylbenzene into HDPE from
a SC solution of ethylbenzene and CO, at 80 °C and 240 atm were determined. To prevent
the auto-polymerization of styrene from interfering with these experiments, ethylbenzene
was used in place of styrene. In this case, HDPE specimens were sealed in the vessels
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together with aHquots of ethylbenzene. The vessels were then purged with CO, gas, tared
and equihbrated to 80 °C. Again, the vessels were pressurize to 240 atm using the
manually operated high pressure generator (see Appendix A). This desired pressure was
reached gradually in stages; between each stage, the contents were stirred with a vortex
mixer and the vessels were re-equilibrated to 80 °C. After the final pressurization stage, the
vessels were weighed to determine the masses of CO, transferred and were allowed to soak
for a certain soak time, The measurements of mass uptake of ethylbenzene, during
desorption was begun after the CO, had nearly fully desorbed from the sample; CO,
desorbs from the specimens much faster than does ethylbenzene.
2.2.3 Svnthesis of Composite
Two protocols were used to produce composites. Protocol One involved
investigating the effect of soak time on the composition of the products. Protocol Two
involved investigating the effect of reaction time. For both protocols, HDPE specimens
were sealed in the vessels together with aliquots of a TBPB/styrene solution (0.3 mol%
TBPB). The vessels were then purged with CO, gas, tared and equilibrated to the soak
temperature of 80 °C. The vessels were pressurize to 240 atm in a manner identical to that
described in Section 2.2.2 for the ethylbenzene/CO, system. After pressurization, the
vessels were weighed to determine the masses of CO, transferred. In all cases, the styrene
in CO, concentration was 28 wt%. The differences between Protocols One and Two are
described below and summarized in Table 2. 1
.
Whereas the amount of styrene relative to CO, was held constant, the amount of
HDPE used in Protocol One was selected to give an initial mass ratio of 0. 15
(HDPE: styrene). In Protocol One, the vessels were soaked at 80 °C for a prescribed time
period. After the soak period, the vessels were vented, refilled with nitrogen gas and
heated to 100 °C for a 6 h post-reaction period. This post-reaction period is required to
polymerize any unreacted monomer left in the substrates after the soak period.
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For Protocol Two, two different amounts of HOPE were used in two sets of
experiments; the two initial mass ratios were 0.15 and 0.6 (HDPE:styrene). In Protocol
Two, the vessels were allowed to soak for a fixed 5 h period at 80 °C. After the soaking
period, the vessels were heated to the reaction temperature of 100 °C and maintained at this
temperature for the desired reaction time. After the prescribed reaction time, the vessels
were vented, refilled with nitrogen gas and maintained at 100 °C for a 6 h post-reaction
period.
2.1: Differences in the experimental procedure for Protocols One and Two.
HDPE/Styrene
(m/m)
Soak Time
(h)
Reaction Time
(h)
Post-reaction
Time (h)
Protocol One
Protocol Two
0.15
0.15 & 0.6
1-24
5
none
0-24
6
6
2.2.4 Characterization of Phvsical Properties
The compositions of the composites were determined gravimetrically after all the
CO2 had fully desorbed from the specimens. Except for composition, all other physical
characterizations were performed on specimens produced using Protocol Two where the
HDPE/styrene mass ratio was 0.6. Dimensional changes were measured using a caliper for
length and width and a micrometer for thickness.
Melting endotherms and glass-transition temperatures were determined using a TA
Instruments 2910 modulated differential scanning calorimeter (DSC) operated at a 3 °C/min
ramp rate, a 0.75 °C oscillation amplitude and a 60 s oscillation period. Wide angle X-ray
diffraction (WAXD) was performed on a Siemens D500 diffractometer (Cu Ka radiation).
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Determination of the molecular weights of the synthesized polystyrene involved
separatmg the polystyrene and polyethylene. First, the composite specimens were
completely dissolved m hot xylenes at 120 °C. This solution was then precipitated into a
2:
1
(v:V) mixture of acetone and cyclohexane. The precipitate (presumably polyethylene)
was removed by filtration. A small aliquot of the remaining solution was removed for
analysis by IR spectroscopy using a Bio-Rad FTS 175C spectrometer; the rest of the
filtered solution was rotary evaporated to isolate the polymer product, which was dried
under vacuum. Molecular weight distributions were determined by room temperature gel
permeation chromatography (GPC) through Polymer Laboratories PLgel columns with ai
BM LC 9563 variable wavelength UV-vis detector (set to detect at 254 nm).
Tetrahydrofuran was the mobile phase. Calibration of molecular weight to elution time
performed using narrow molecular weight polystyrene standards. The molecular weight
distribution of the substrate HOPE was determined using high temperature (145 °C) GPC
with 1 ,2,4-trichlorobenzene as the mobile phase (performed by Lark Enterprises).
6
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2.3 Phase Behavior and Absorption Kinetics
2.3.1 Carbon Dioxide
After soaking a HDPE specimen in SC CO2 for a predetermined soak period, the
mass loss of the specimen was recorded as a function time as the absorbed CO2 quickly
desorbed from the specimen. Figure 2.2 shows the results of a typical desorption
experiment. A linear extrapolation of the data back to zero desorption time gives the mass
uptake of COj at the end of the soak period. For the HDPE used in this study, the
equilibrium sorption uptake of CO2, M„, (under soak conditions of 80 °C and 240 atm) is
3.25% and was achieved after approximately 4 h of soaking.
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Figure 2.2: A representative desorption profile used to determine the equilibrium mass
uptake of COj in HDPE. This specimen was soaked in SC CO^ for 6.5 h at 80 °C and 240
atm. M,
^.
is the mass uptake of CO2 at the end of the 6.5 h soak period.
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Figure 2.3 illustrates the mass uptake data as a funetion of soak time, M./M.
versus Also shown in the figure is the fit of the data to a mathematical model derived by
Crank for Fickian diffusion into a plane sheet:
M
t,s
M
n=0
8
{2n + \)
exp
4h^
J
(2.1)
where h is half the thickness of the sheet.v The plane sheet model is accurate because the
thickness of the samples is much smaller than the other dimensions. As determined from
the curve fit, the diffusivity of CO^, D, (under soak conditions of 80 °C and 240 atm) is
1.21 X lO'cmVs.
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Figure 2.3: Absorption kinetics of CO2 in HOPE for specimens soaked at 80 °C and 240
atm. M^, is the equilibrium mass uptaice, h is the specimen's half-thickness and D is the
calculated diffusivity.
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2.3.2 Ethvlbenzene
The equiHbrium sorption uptake of ethylbenzene was determined in a manner
similar to that shown in the previous section. HDPE specimens were immersed in a
supercritical solution of 36 wt% ethylbenzene in CO, at 80 °C and 240 atm for various soak
times. Figure 2.4 shows the results of a typical desorption experiment; note that the data
collection starts after one day to allow CO, to fully desorb from the specimen. For the
HDPE used in this study, the equilibrium sorption uptake of ethylbenzene is 4% and was
achieved after approximately 5 h of soaking.
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Figure 2.4: A representative desorption profile used to determine the equilibrium mass
uptake of ethylbenzene in HDPE. This specimen was soaked in a supercritical solution of
36 wt% ethylbenzene in CO2 for 5 h at 80 °C and 240 atm. M,^ is the mass uptake of
ethylbenzene at the end of the 5 h soak period.
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Figure 2.5 displays the mass uptake data as a function of soak time togetiier with
the mathematical fit of the data to Crank's model. The diffusivity of ethylbenzene in CO,-
swollen HOPE at the stated conditions is calculated to be 9.23 x 10"^ cmVs. Recalling the
discussion in Chapter 1 about overcoming mass transport limitations m reactions, estimates
using Smoluchowski's theory for diffusion-limted reaction kinetics showed that lO '^-lO"
cmVs is a threshold diffusivity for diffusion-limited reactions. The CO,-assisted diffusivity
of ethylbenzene is much faster than that threshold and thus, the kinetics for polymerizing
styrene should be reaction rate-limited.
0 8 16 24 32 40 48
Soak Time, t (h)
s
Figure 2.5; Absorption kinetics of ethylbenzene in C02-swollen HDPE for specimens
soaked in a 36 wt% solution at 80 °C and 240 atm. is the equilibrium mass uptake, h
is the specimen's half-thickness and D is the calculated diffusivity.
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Attempts to determine the equiUbrium mass uptake of neat ethylbenzene in HDPE at
80 °C were compromised by the slow dissolution of polyethylene mto the ethylbenzene.
Neither CO, nor ethylbenzene/CO, will dissolve PE at the stated conditions.
2.4 Composite Synthesis
The initiator was present in significant concentration throughout this synthesis
procedure; the reported half-life of TBPB at 100 °C in benzene is approximately 18 h.8 All
experiments were completed within two half-lives of the initiator. In Figure 2.6 the
polystyrene incoiporation (as wt% of substrate) is plotted as a function of soak time; this is
the data obtained using Protocol One. Interestingly, Figure 2.6 indicates that polystyrene
uptake increases with increasing soak time. This suggests that polymerization occurs
during the soaking period. The data obtained using Protocol Two is plotted in Figure 2.7.
The Protocol Two experiments run with the lower HDPE concentration yielded higher
mass uptakes for a given reaction period. The linearity of the data in both figures indicates
that the reactions are operating in a regime where neither monomer nor initiator depletion of
the fluid phase affect composition control, however, this linearity may likely be fortuitous
as will be discussed below. Clearly, these reaction conditions permit very high polystyrene
incorporation and can produce blends with more polystyrene than HDPE. While this raises
the interesting question as to the behavior of a system where the substrate becomes the
minority component, further study is limited to systems with uptakes below 100%.
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Figure 2.6: Mass uptake of polystyrene in polyethylene as a function of soak time at 80 °C
for an initial HOPE to styrene mass ratio of 0.15. The specimens were soaked in 28 wt%
styrene/COj at 80 °C and 240 atm. After the soak period, the specimens were post-reacted
under nitrogen for 6 h at 100 °C.
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Figure 2.7: Mass uptake of polystyrene in polyethylene as a function of reaction time at
100 °C for two initial concentrations of HOPE. The specimens were soaked in 28 wt%
styrene/C02 for 5 h at 80 °C and 240 atm before the reaction period. After the reaction
period, the specimens were postreacted under nitrogen for 6 h at 100 °C.
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The mass uptake data reported in Figures 2.6 and 2.7 are significantly higher than
the 4% equilibrium uptake of styrene expected as a result of the ethylbenzene sorption
experiments. The polymerization of styrene within the HDPE substrate is a heterogeneous
process; polystyrene is neither soluble in SC CO^ nor miscible with HDPE. As
polystyrene forms, it precipitates from the CO,-swollen amorphous HDPE phase and
depletes the matrix of styrene. Styrene in the fluid phase repartitions to make up for this
depletion, however, this partitioning must also adjust to the creation of a new solid
polystyrene phase. This process is continuous as polymerization occurs within the
substrate, and partitioning of styrene into the nascent polystyrene phase certainly changes
the overall partitioning of styrene between the various polymer phases and the SCF phase.
These effects allow for the high mass uptakes of polystyrene, well in excess of the
equilibrium styrene uptake. The linearity of the data is most likely a function of several
properties including the phase behavior and both polymerization and absorption kinetics.
The complexity of the system precludes easy deconvolution of how these various
properties change over time.
Polymerization of styrene also occurs outside the substrate. This external
polymerization also depletes the fluid phase of styrene and further complicates the system.
Interestingly, the polymerization occurring outside the substrate is not nearly as effective as
the polymerization occurring within the substrate. This can be discerned in the difference
between the molecular weights of the polystyrene formed by the two polymerizations.
Molecular weight data is presented at the end of the next section.
2.5 Physical Properties
The HDPE substrate is translucent white in appearance. The composite specimens
are also translucent; the composite synthesis technique does not significantly change the
color or clarity of the specimens. Generally, conventially melt-blended
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polyethylene/polystyrene systems are completely opaque and white. After the
incorporation of polystyrene, the dimensions of the specimens were found to have
increased significantly from their initial substrate dimensions while retaining their onginal
rectangular shape. Plotted in Figure 2.8 are the extents of dimensional growth as a
function of polystyrene content. The higher the polystyrene incorporation, the larger the
final dimensions. Whether these dimensional increases impart any residual stresses in the
final composites has not been specifically assessed. Because SC CO, acts as a plasticizer,
it should have an annealing effect on the specimens and most likely continuously stress
relieves the specimens as the dimensional increases occur. No obvious signs of residual
stresses were observed during the handling, cutting or microtoming of the specimens.
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Figure 2.8: Dimensional growth of the specimens over their initial values as a function of
polystyrene content.
Figure 2.9 shows modulated DSC traces of the virgin HDPE substrate and a 43
wt% polystyrene/polyethylene composite. The melting endotherms reveal that the blend
synthesis does not affect the crystalline regions of the HDPE substrate. The heat of fusion
for polyethylene is known to be 292.65 J/g.^ By DSC, the unmodified HDPE substrates
are 71% crystalline and the 43 wt% polystyrene/HDPE samples are 41% crystalline. The
reduction in sample crystallinity is due entirely to dilution by the addition of amorphous
polystyrene; the total amount of crystalline HDPE remains unchanged. The melting
temperature of the HDPE also remains unchanged. These results suggest that the styrene
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polymerization occurs solely within the amorphous regions of the polymer. As the
temperatures used in the processes are below the depressed meltmg pomt of HDPE m the
SCF, it is unlikely that penetrants-CO, monomer or initiator-^nter the crystallme
regions. The polystyrene glass transition at 100 °C is very faint but discernible when the
DSC traces are magnified as shown in Figure 2. 10; a pure polystyrene sample is provided
for comparison. Modulated DSC was used because initial normal DSC experiments
employing a 1 0 °C/min ramp rate did not resolve the glass transition of the polystyrene
component. In subsequent experiments using normal DSC with a ramp rate of 3 °C/min,
the glass transition did appear and the data obtained was identical to that shown for
modulated DSC. This is likely due to sensitivity issues with the technique. WAXD,
shown in Figure 2. 1 1
,
confirms the DSC data. Both the angular positions and breadths of
the diffraction peaks for the (1 10) and (200) planes of the crystalline polyethylene are
identical for a virgin HDPE specimen and for a 39 wt% polystyrene/HDPE blend
specimen.
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Figure 2.9: Modulated DSC traces showing the melting endotherms for a pure HDPE
specimen and a 43 wt% polystyrene/HDPE specimen. Integration of the endotherms
provides the heat of fusion for the specimens. The DSC parameters were a 3 °C/min ramp
rate, a 0.75 °C oscillation amplitude and a 60 s oscillation period.
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Figure 2. 10: Modulated DSC traces showing the glass transition at 100 °C of a pure
polystyrene specimen and of the polystyrene component of a 43 wt% polystyrene/HDPE
specimen. The pure HDPE specimen exhibits no glass transition in the temperature range
shown. The DSC parameters were a 3 °C/min ramp rate, a 0.75 °C oscillation amplitude
and a 60 s oscillation period.
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Figure 2.11: WAXD experiments on a pure HDPE specimen and a 39 wt% polystyrene/
HDPE specimen. Both of the angular positions and the breadths of the (110) and (200)
peaks of the crystalline polyethylene are identical in the two specimens.
The possibility that some grafting between polystyrene and polyethylene occurs has
not been eliminated. Substantial amounts of polystyrene (but not all) have been extracted
from the composite samples by soaking the specimens in refluxing THF for several days.
The extracted polystyrene has been characterized as homopolymer by IR spectroscopy.
Nevertheless, this does not eliminate the possibility that grafting occurs to some extent. If
grafting does occur it is likely not a significant contributor to polystyrene mass uptake:
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Watkins and McCarthy showed that all the polystyrene could be extracted from a 50 wt%
polystyrene/poly(4-methyl-l-pentene) (PMP) blend that was prepared by essentially the
same procedure.^ The backbone of PMP (with two tertiary C-H bonds per repeat unit) is
likely more susceptible to radical grafting than HDPE.
Gel permeation chromatography (GPC) of polystyrene separated from composite
samples indicates that high molecular weight polymer is formed. According to IR
spectroscopy, the GPC samples are homopolymer polystyrene. The molecular weight
results are summerized in Table 2.2. The HDPE substrate exhibited a M^ = 209K with a
M,./M„ = 3.8.w n
Table 2.2. Molecular weights of the polystyrene synthesized within HDPE substratesdetermined by gel permeation chromatography.
as
Fabrication Conditions
5 h soak
5 h rxn
no post-rxn
5 h soak
5 h rxn
6 h post-rxn
5 h soak
16 h rxn
no post-rxn
5 h soak
16 h rxn
6 h post-rxn
Within
substrate
M„= 171K
M^ = 490K
MyM„ = 2.9
M„= 172K
M^ = 507K
MyM„ = 2.9
M„ = 234K
M^ = 507K
MyM„ = 2.4
= 230K
= 628K
MyM„ = 2.7
Outside
substrate
M„= 13K
= 26K
MJM^ = 2.0
M„= 15K
M^ = 48K
MJM^ = 3.\
The results tallied in Table 2.2 reveal the effectiveness of the polymerization
reaction within the HDPE substrate. The molecular weights of the polystyrene formed
within the substrate are significantly higher than those of the polystyrene formed in the
fluid phase outside the substrate. The molecular weights also increase with longer reaction
times; post-reaction does not appear to substantially affect the results. The effectiveness of
the polymerizations within the substrate may be due to a phenomenon analogous to an
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emulsion polymerization. In this hypothetical
"solid-state emulsion," the growing
polystyrene chams form nascent phases withm the polyethylene matrix (see Section 2.4).
Withm these polystyrene phases there may be only a few active radicals, similar to the
growing polymer particles in an emulsion polymerization. Although the CO,-swollen solid
possesses fast kinetics for monomer transport, the viscosity of the system is very high for
the polymer chains themselves and the kinetics of bimolecular termination should be slow.
If this hypothesis is correct, the overall result is a depression of the termination reaction rate
that allows for the efficient achievement of very high molecular weights. The molecular
weights of the polystyrene formed outside the substrate (in the SCF) are similar to the
results of Sun et al.9
2.6 Conclusions
Fabricating composites using the SC CO^-aided infusion into and subsequent
polymerization of styrene within solid polyethylene substrates is certainly a viable process.
Using either soak or reaction time as process parameters, the incorporation of polystyrene
into HOPE is conveniently controlled to values far in excess of the equilibrium uptake of
styrene with the substrate. The partitioning condition is another variable that influences the
composition of the composites. The experiments described here were conducted under
fixed volume conditions; the amount of substrate relative to the amount of monomer within
the reaction vessel affects the partitioning and thus the final composite composition. It is
very important to note that the composite fabrication technique requires styrene
polymerization reactions to occur within a solid medium. It is the swelling of the substrate
with CO2 that increases the diffusivity of the styrene within the substrate to a value high
enough to overcome mass transport limitations.
The process of making the composites does not affect the crystalline domains of the
HDPE substrate. As a result, the monomer only infuses into and polymerizes within the
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amorphous domains. This fact should have some mteresting consequences for the overall
phase morphology of the composites (a topic that will be discussed in Chapter 3).
Interestingly, the polymerization of styrene within the CO,-swollen HDPE is actually more
effective than that in the SCF phase. In a process that may be analogous to emulsion
polymerizations, styrene within the substrate polymerizes to much higher molecular
weights than styrene outside the substrate.
There remain opportunities to research some remaining questions about this system,
although the answers would be very difficult to determine. As was discussed at the end of
Section 2.4, the polymerization of styrene within the HDPE substrate is a very complex
process. How the formation of polystyrene within the substrate affects the partitioning of
styrene among the different phases is not known. How the depletion of styrene during the
process affects the system is not known. Also, the polymerization kinetics and absorption
kinetics and their evolution during the process are not known. The kinetics and the phase
behaviors of the system are convoluted to produce the data presented here. Still, the
synthesis technique works very well and is easily applied. Many other polymer/polymer
systems may be attempted with a high probability of success.
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CHAPTER 3
MORPHOLOGY AND MECHANICAL PERFORMANCE OFPOLYETHYLENE/POLYSTYRENE BULK SpOSFTES
3.1 Introduction
Polyethylene and polystyrene are immiscible, and composites of these two
polymers are phase-separated. The phase morphology and mechanical performance of
conventionally produced blends of these two polymers have been well established, as was
discussed in Chapter 1. The phase morphology and poor interfacial adhesion between
components make blends of these two polymers poor materials. The preparative technique
described in Chapter 2 produces a significantly different morphology than that formed from
conventional melt/mixing techniques. When the conditions of the SCF procedure are
chosen to prevent melting of the HOPE substrate crystallites, then those crystallites
frustrate the phase separation of polystyrene from polyethylene and produce a "kinetically
trapped" morphology. The phase morphology is then dictated by the inherent crystalline
morphology of the HOPE substrates. The mechanical properties of composites are highly
dependent on the composite phase morphology. The unconventional morphology of the
polyethylene/polystyrene composites results in unconventional mechanical properties.
The objective of the research presented here is to elucidate the unconventional
morphology of the polystyrene/polyethylene composites (the fabrication of which is
discussed in detail in Chapter 2) using electron microscopy techniques. Along with the
morphological characterization, a detailed mechanical performance investigation was
performed. Specifically, the modulus, strength, and fracture behavior (with associated
process zone development) of the composites as function of composition were investigated.
Correlations between the morphology and the micromechanical fracture behavior were also
made.
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3.2 Experimental Ser.finn
3.2.1 Materials
The composite specimens investigated here were prepared in the manner described
in Chapter 2. Ruthenium tetroxide (Electron Microscopy Sciences, 0.5% aqueous
solution) was used as received in 10 mL ampules. Sulfuric acid (Certified ACS Plus
grade), o-phosphoric acid (Certified ACS grade) and potassium permanganate (Certified
ACS grade) were used as received from Fisher Scientific.
3.2.2 Determination of Morphology
The phase morphologies of the composites were determined by two methods. Both
methods required that the specimens first be cryomicrotomed at -120 °C to produce flat and
relatively featureless surfaces. In Method I, the specimens were stained by ruthenium
tetroxide vapor. The specimens were placed for 45 min in a 250 mm I.D. glass dessicator
with 10 mL of 0.5 % aqueous ruthenium tetroxide poured into the bottom of the dessicator.
The specimens were carbon coated (approximately 100 A thick) and examined under a
JEOL 6320F field emission scanning electron microscope (SEM) in the backscattered
electron imaging (BEI) mode.
In Method H, the microtomed surfaces were etched in a solution of potassium
permanganate, sulfuric acid and o-phosphoric acid employing a slightly modified technique
described by Patrick et al.' Great caution was practiced in the use of this technique. The
etchant solution is a highly oxidizing medium, and any low molecular weight hydrocarbon
will cause an explosion or catch fire on contact with the etchant. All polymer specimens
introduced into the etchant were free of dust and solvent traces. The etchant was prepared
by mixing 0.35 g potassium permanganate with 10 mL sulfuric acid and 10 mL of o-
phosphoic acid in a heavy-walled glass flask capped with a Teflon stopper (an extremely
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dark green and purple solution results). The solution was first agitated for 1 h in an
ultrasonic bath. The microtomed specimens were then placed into the etchant and the
system was ultrasonically agitated for 2 h. The specimens were then rinsed for at least 30 s
each in four washing baths: a chilled 7:2 (v:v) solution of water and sulfuric acid, chilled
30% hydrogen peroxide, water, and methanol. Fmally, the etched samples were gold
coated (approximately 200A thick) and examined under a JEOL 35CF SEM in its
conventional secondary electron imaging (SEI) mode.
3.2.3 Testing of Mechanical Properties
All mechanical tests were performed in tension at room temperature on an Instron
1 123 mechanical test machine fitted with an Instron 2525-805 load cell (±5 kN). The
crosshead speed for all tests was 2 mm/min. To determine moduli, straight rectangular bar
specimens (as formed from the sytheses) were pulled in tension to only 1% strain and then
unloaded. An Instron 2620-828 extensometer (0.5 in. gauge, ±0.05 in. range) was used to
obtain accurate strain measurements. The initial slopes of the stress-strain curves represent
the moduli. For strength measurements, the composite specimens were cut into ASTM
Type V tensile bars.2 These tensile bars were pulled in tension until rupture, and the
maximum tensile stresses attained were taken as the strength values. Single-edge-notched-
tension specimens were used for fracture toughness determination. A specimen was
prepared by cutting a notch into a straight rectangular bar (as formed from the sythesis),
immersing the bar in liquid nitrogen and then tapping a 0.009 in. thick razor blade into the
notch to form a sharp precrack. The specimens ranged in width from II. 8 mm to 13.2 mm
and in thickness from 1.21 mm to 1.43 mm. The precracks were all nominally 4 mm long.
The fracture specimens were tested in tension.
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3.3 Morphology
Figure 3.1 shows scanning electron micrographs of composite samples that were
exammed using Method I (described in the experimental section). Ruthenium tetroxide is
known to preferentially stain polystyrene over polyethylene and thus provide phase
contrast;3 the heavy ruthenium atoms backscatter more electrons generating a bright
contrast in BEI.4 SEI was not used for these samples because SEI gives topographical
information and the microtomed surfaces are essentially flat. Figure 3.2 shows samples
examined using Method II (described in the experimental section). The etchant
preferentially attacks polyethylene over polystyrene producing a topography where the
polystyrene-rich domains are raised above the polyethylene domains. This preferential
oxidation has been verified by control experiments involving the comparison of the
losses of pure HDPE and pure polystyrene specimens treated with the etchant for equal
times. A pure HDPE specimen examined using Method II is displayed in Figure 3.3.
mass
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Figure 3.1: Backscattered electron micrographs at two magnifications (note the 10 \im
bars) of polystyrene/HDPE specimens stained with ruthenium tetroxide: (a) 27 wt%
polystyrene, (b) 43 wt% polystyrene. The bright domains are polystyrene-rich.
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Figure 3.2: Secondary electron micrographs at two magnifications (note the 10 ^m bars) of
polystyrene/HDPE specimens etched in potassium permanganate/acid solution: (a) 27 wt%
polystyrene, (b) 43 wt% polystyrene. The raised domains are polystyrene-rich.
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electron TTiicrographs at two magnifications (note the 10 nm bars) ofa pu e O E specimen etched m potassium permanganate/acid solution. The micrographsshow he initial spheruhtic morphology of the HDPE where the raised structures are the
crystalline lamellae.
There are similarities in the morphology revealed by Methods I and n. The
polystyrene-rich domains reside predominantly at the center of HDPE spherulites and
radiate outwards. The interlamellae amorphous regions of the spherulites provide locations
for styrene to penetrate and polymerize. A considerable amount of polystyrene is present in
the center of the spherulites. This is either due to amorphous polyethylene that is present in
these locations or to voids that develop during crystallization and/or annealing.5 It is
known that annealing of semicrystalline polymers causes morphological changes to occur.
The crystalline lamellae thicken and give rise to an increase in crystallinity and density. The
initial spherulite structure, however, may prevent significant volume change from
occurring; voiding may occur as a mechanism to offset densification. In single crystals it
has been observed that internal voiding occurs during annealing, as material moves from
the interior and is incorporated in the larger fold period.^-^ Whether the spherulite centers
contain large amounts of amorphous polymer or voids, the experimental evidence gathered
in this investigation clearly shows that polystyrene is concentrated in the spherulite centers.
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As polystyrene domains form, styrene preferentially partitions in those domains,
enhancmg growth of these domams. The initial polystyrene-rich domains "ripen" as is
observed in the micrographs. This growth of polystyrene domains appears to break up the
spher^lites to some degree. A second, finer level, morphology may also exist. The phase
separation between the amorphous polystyrene and the amorphous polyethylene is
unknown and may be determined by transmission electron microscopy and possibly spin
diffusion solid-state NMR experiments.
The micrographs show no evidence of polystyrene at the spherulite boundaries.
This suggests that the polyethylene spherulites in this substrate do not possess distinct
boundaries. This lack of discrete boundaries can also be seen in the etched samples of pure
polyethylene shown in Figure 3.3. This morphological characteristic may be affected by
the compression molding protocol and may be specific to the grade of polyethylene used.
Similar blends prepared with polypropylene substrates show a great deal of polystyrene at
the spherulite boundaries (Figure 3.4), and etched samples of pure polypropylene show
sharp, well-defined boundaries between spherulites.^
20KU 0003 10. 0U JEOL
Figure 3.4: Secondary electron micrographs of a polystyrene/polypropylene composite
specimen etched in potassium permanganate/acid solution. The raised domains are
polystyrene-rich. The micrograph shows that the polystyrene resides in the center, radial
interlamellar domains and boundaries of the spherulites.
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3.4 Mechanical Perfnrmanrf^
3.4.1 Modulu.s and Sfrpn^fh
As described in the experimental section, the composites were tested to determine
their mechanical properties. Figure 3.5 shows a typical experiment to determine modulus.
The initial tangent of the stress-strain curve is the modulus. The specimens exhibit some
nonlinearlity and hysteresis. Although the curve in Figure 3.5 seems to indicate about a
0.001 mm/mm residual strain, that apparent residual strain recovers within a few seconds.
The modulus tests were repeated at least three times on each specimen (the same
specimens), and each cycle produced exactly the same curves with no change in the moduli
or hystereses observed. No permanent deformation occurs. These cycling experiments
indicate that essentially no damage occurs in the samples; both the nonlinearity and
hysteresis phenomena are purely viscoelastic in nature.
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Figure 3.5: A representative stress-strain curve of a 43 wt% polystyrene/polyethylene
composite. The initial tangent to the curve (dotted hne) is the modulus of the specimen.
Nonlmearity and hysteresis in the specimen is determined to be viscoelastic in nature.
Figures 3.6 and 3.7 show typical experiments to determine strength. The peak
stress achieved is the ultimate tensile strength. The specimen shown in Figure 3.6 exhibits
a necking and drawing behavior. Necking manifests as a decreasing slope in the stress-
strain curve beyond the elastic limit followed by a peak (yield stress) and subsequent
decrease in the stress. Drawing manifests as a plateau of nearly constant stress after the
necking region. Figure 3.7 shows the stress-strain curve for a specimen with higher
polystyrene content. Note, at higher polystyrene content the specimens do not undergo
drawing. They yield and rupture soon after reaching their ultimate strength. The degree of
61
drawing can be characterized by the natural draw ratio. This is the ratio of the length of a
drawn specimen to its original length. Cold drawing generally occurs at nearly constant
volume, so the draw ratio is also defined as the ratio of the original specimen cross-
sectional area to that of the drawn specimen. Figure 3.8 shows the effect of PS
incorporation on the natural draw ratios (cross-sectional area ratios) of the composites. At
compositions above 30 vol%, no drawing occurs.
Ultimate tensile strength
(yield point)
0 0.5 1 1.5 2 2.5 3 3.5 4
Strain, e (mm/mm)
Figure 3.6: A representative stress-strain curve of a 27 wt% polystyrene/polyethylene
composite. The maximum stress the specimen withstands is its ultimate tensile strength.
This ultimate strength is also defined as the yield strength of the specimen. Necking and
drawing in the specimen are indicated on the figure.
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Figure 3.7: A representative stress-strain curve of a 43 wt% polystyrene/polyethylene
composite. The maximum stress the specimen withstands is the ultimate tensile strength
and also the yield strength of the specimen. Specimens of such high polystyrene content
do not exhibit drawing.
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Figure 3.8: Natural draw ratios of polystyrene/polyethylene composites as a function of
polystyrene content. Constant volume drawing is assumed and the draw ratio is defined a«
the initial cross-section area divided by the drawn area.
The mechanical tests indicate that the composites do not behave like conventional
blends and seem to support the contention that the polystyrene is continuous in the
substrate. The moduli of the composites as a function of composition are plotted in Figure
3.9. The Voigt and Reuss models (also known as "the rule of mixtures" and "the inverse
rule of mixtures," respectively) are provided for comparison. 'O-' 2 The two models
represent the theoretical upper and lower bounds, respectively, on composite modulus
behavior; note that the data follows the Voigt model. The linear Voigt model is derived for
a system where the two components of the mixture support load in a parallel fashion. The
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lases are
fit of the data to the Voigt model suggests that the polystyrene and polyethylene ph;
co-continuous. In most conventional melt-blended composites of polystyrene and HOPE,
the moduli tend to fall below the Voigt prediction indicating that the phases are
discontinuous and dispersed.'3,i4
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Figure 3.9: Polystyrene/polyethylene composite tensile modulus as a function of
polystyrene content. The Voigt and Reuss models of composite modulus behavior are
provided for comparison.
Figure 3.10 illustrates the dramatic improvement in tensile strength as polystyrene
is incorporated. Note that pure polystyrene fails by brittle fracture rather than yield in
uniaxial tension. Data for conventional melt-blended specimens from Fayt et al.'^ are
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provided for comparison. Also noteworthy is that the ductile-to-brittle transition for the
contposites is shifted towards a higher polystyrene content. Fayt and others have shown
that polyethylene/polystyrene blends prepared by conventional melt mixing processes
without the use of compatibilizers are relatively poor materials.i3,.5..7 Blends of most
compositions are even weaker than polystyrene or polyethylene homopolymers. This is
due primarily to the poor interfacial adhesion between the two immiscible polymers. Upon
deformation, the two phases debond from one another and the dispersed minority phase no
longer supports any load. This effectively lowers the load-bearing cross-sectional area.
The minority phase domains can also act as stress concentrators, further weakening the
overall material.
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Figure 3.10: Polystyrene/polyethylene composite tensile strength as a function of
polystyrene content. Literature data is provided for comparison. 15
From the electron micrographs and the mechanical performance data of the
composites reported here, clearly the polystyrene forms a stiff, reinforcing "scaffold"
throughout the spherulites that strengthens the entire structure. Any adhesion necessary
between the phases appears to be high enough to support load transfer even though the
spherulites may appear somewhat broken up. This adhesion may be due to a possible finer
morphological structure within the polystyrene-rich domains that has not been determined.
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3.4.2 Fracture Touphne^^
Beyond the simple modulus and ultimate stress determinations discussed in the
previous section, a fracture toughness investigation is now discussed. Fracture toughness
is important because the strength of most real solids is governed by the presence of flaws.
How these flaws propagate under applied stresses can be analyzed by using fracture
mechanics. The investigation here involves using widely employed techniques of
determining the energy criterion for the extension of a crack through a specimen. The
energy required to grow a crack over a unit area will be denoted as or J^. The use of G
and is purely an accepted convention; G^ is used for linear elastic materials and J
reserved for non-linear elastic materials (i.e. systems with energy dissipation). There
many volumes devoted to fracture mechanics that can be consulted for more indepth
discussions. '8-22
Linear elastic fracture mechanics (LEFM) was employed to determine the fracture
toughnesses for 43 wt% polystyrene and pure polystyrene samples. They behave in a
Hookean manner to failure and fail by the unstable growth of the crack (fast fracture) upon
application of a critical (maximum) stress. For linear elastic systems, the stress field
around a crack is uniquely defined by a parameter known as the stress-intensity factor, K.
Fracture occurs when /<: exceeds a critical value. This critical stress-intensity factor, K^,
can be calculated from the initial crack length, a^, (measured under an optical microscope
after the fracture test) and the maximum tensile stress, cr,, using Equation 3.1:
2b m.
0.752 + 2.02 0 + 0.37 1 - sin
—
-
V 2b J
m 2b
^^^^
2b
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where b is the specimen width (across which the crack propagates).23 The critical energy
release rate, G,, is related to and the tensile modulus, E, of the material usmg Equation
3.2. It is assumed that the specimens were tested in a state of plane stress.
" E (3.2)
Elastic plastic fracture mechanics (EPFM) was employed to determine the fracture
toughness of all samples that demonstrated ductility during failure. Ductility was defined
as a deviation from elastic behavior as evidenced by a non-linear increase in the stress with
strain beyond the elastic limit. The stress reaches a peak value and then decreases with
strain. During this nonlinearity in the stress-strain response, the initial crack grew in a
stable manner across the ligament of the specimen. For such a system that is non-linear
elastic, a simple stress field analysis is not viable. Extensive plasticity at the crack tip
complicates the problem. However, the energy that flows into the region around the crack
tip can be determined. Each specimen was strained to a certain crosshead displacement and
then unstrained to zero stress. This cycle was repeated several times with progressively
larger crosshead displacements. At the end of each cycle, the crack length was measured
using an optical microscope. The energy release rate, J, for each cycle was calculated from
the crack length at the end of each cycle, a, and the total area, U, under the stress-strain
curve using Equation 3.3:
u
1-^
b)
1- a
\-2-+2
b b)
+ 1
a
b
(3.3)
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where
,
is the specimen thiek„ess.>' I, is assumed that a fully yielded condition exists in
the ligament of the specimens. The energy release rate was then plotted as a function of
crack length extension and the linear extrapolation of that plot to zero crack extension was
taken as the critical energy release rate for the onset of crack growth, 7,, for that specimen.
Those plots are displayed in Figure 3.11. The multicycled loading-unloading technique
described here is based on the well established methodology for fractare toughness
determmation-ASTM Standard E 8 1 3-89.« Although the ASTM standard was not used
in this investigation, the concepts of the standard were applied to the single-edge-notched-
tension specimen configuration.
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Figure 3.11: Plots of energy release rate as a function of crack length extension for four
different composite compositions. Linear extrapolations of the data to zero crack extension
give the critical energy release rate, J^.
Along with the crack initiation toughness defined by J^, the plots in Figure 3.1
1
also provide information about crack growth toughness—resistance to crack growth. The
plots are also known as crack growth resistance curves or R curves. The slope of a R
curve is characteristic of the relative stability of the crack propagation. The material that
exhibits a steep R curve is more resistant to crack growth and less prone to unstable crack
growth. A material's resistance to crack growth can be characterized by a tearing modulus,
7^ 19,21,22 The tearing modulus is a dimensionless quantity and is calculated as:
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(T Ida j (3.4)
where E is the tensile modulus (Figure 3.9), a, is the yield strength (Figure 3.10) and dy/da
is the slope of the R curve (Figure 3.1 1).
Although the composites exhibit efficient stiffening and strengthening, there is a
loss of fracture toughness. Figure 3.12 illustrates the decrease in fracture toughness, J,
(critical energy release rate), with the addition of polystyrene. With the decrease i
initiation toughness is a corresponding decrease in the tearing modulus, T,. The tearing
modulus results are shown in Figure 3.13. As the polystyrene content increases, the
composites become less tough and more susceptible to unstable failure.
9
n
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Figure 3.12: Polystyrene/polyethylene composite fracture toughness as a function of
polystyrene content.
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Figure 3. 13: Polystyrene/polyethylene composite tearing modulus as a function of
polystyrene content.
Fracture samples of increasing polystyrene content that were monotonically loaded
and then unloaded immediately upon reaching the maximum stress are shown in Figure
3. 14. Macroscopically, one can see how the normally tough polyethylene absorbs a great
deal of energy by blunting the crack tip with the formation of a process zone (extensive
plasticity) ahead of the crack tip. Incorporation of polystyrene reduces the size of this
process zone and thus reduces the ability of the composite to absorb energy during crack
growth. In the 27 wt% polystyrene specimens (Figure 3.14c), the process zone is not
macroscopically observable. However, these specimens exhibit stable crack growth under
the testing conditions used, and their stress-strain responses show a degree of ductility.
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The 43 wt% polystyrene (Figure 3.14d) and pure polystyrene specimens failed similarly:
unstable crack growth (fast fracture) upon reaching a critical stress.
Figure 3.14: Photographs showing the suppression of the process zone (white) at the
crack tips of po ystyrene/HDPE composites as the polystyrene content increases- (a) 0 wt%
polystyrene; (b) 12 wt % polystyrene; (c) 27 wt% polystyrene; (d) 43 wt% polystyrene
Electron micrographs of the regions ahead of the crack tips examined using Method
II are shown in Figure 3.15. Pure polyethylene spherulites are ductile enough to
irreversibly deform into ellipsoids (Figure 3.15a). In contrast, the 12 wt% polystyrene
materials damage by a more brittle microcracking of the material with some degree of
yielding and loss of spherulitic structure (Figure 3.15b). The 27 wt% polystyrene
materials are more brittle; a single crack trajectory travels through the centers of the
spherulites without loss or change of the spherulitic structure (Figure 3. 15c). The
polystyrene-reinforced spherulites have become strengthened and stiffened to a point that
restricts their ability to deform and draw in a ductile fashion. The polystyrene-rich
75
amoT,hous regions that exist between the crystaihne polyethylene lamellae and breakup the
center of the sphettthtes, seem to provde aecommodat.ng paths for a crack to travel.
Figure 3.14: Secondary electron micrographs of the process zones a few micrometers
ahead of the crack tips in specimens etched with potassium permanganate/acid: (a) pure
HOPE, the spherulites deformed into ellipsoids; (b) 12 wt% polystyrene, the spherulitic
structure has been partially destroyed by ductile deformation and some brittle microcracking
has occurred; (c) 27 wt% polystyrene, no change in the spherulitic structure occurred, only
a single brittle crack traveled through the spherulite centers.
It is interesting to compare the process zone sizes shown in Figure 3. 14 to the zone
size that is predicted by a popular model. Irwin suggested a model that gives the extent of
crack tip plasticity—to a first approximation—for small scale yielding.25 The size of the
plastic zone, ^p, is given by:
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where is the yield strength and K is the stress intensity factor. K is related to the energy
release rate, G (Equation 3.2). E and are given in Figures 3.9 and 3. 10, respectively.
If is substituted for G, then a plastic zone size can be calculated and compared to the
actual zone size observed. Although Irwin's model is an approximation, its use in the
analysis can still be revealing. The comparison is shown in Table 3.1. Irwin's model
predicts a larger process zone for the measured fracture toughness, J^, than is actually
observed. Irwin's model, however, is applicable to small scale yielding and is generally
used as a correction when applying LEFM. Pure polyethylene and composites with low
polystyrene content show very large scale yielding and LEFM is not applicable to these
systems. Also, the fracture toughnesses were determined assuming a fully yielded failure.
Note that Irwin's model prediction becomes more accurate at higher polystyrene content,
when the process zone is small. The discepancy between Irwin's model predictions and
the observations serves to reemphasize the domance of ductile processes in the toughness
of the materials with low polystyrene content. The process zones do more than just blunt
the crack tips. It is the processes that occur within these zones that absorb most of the
energy during fracture and dominate the observed behavior of the materials.
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Table 3. 1
:
A comparison of Irwin's model of plastic
size zone size to the observed process zone
Composition
(vol% PS)
0
12
19
Irwin Zone Size
(mm)
n
7
2
Observed Zone Size
(mm)
4^
2-3
~1
3.5 Conclusions
As discussed in Chapter 2, the process developed for synthesizing
polystyrene/polyethylene composites does not affect the crystalline regions of the HDPE
substrate. As a result, the crystalline morphology of the substrate dictates the
polystyrene/polyethylene phase morphology. Styrene absorbs into and polymerizes within
the noncrystalline domains of the substrates. As discovered by various electron
microscopy techniques, these regions are primarily the interlamellar domains and the
centers of the polyethylene spherulites. This kinetically trapped phase morphology
contrasts starkly from the morphology of conventionally melt-blended systems.
The mechanical properties of composites are highly dependent on their morphology;
the unconventional morphology of the composites shown in this study gives rise to
interesting properties. The polystyrene acts as a scaffold that seems to co-continuously
penetrate and reinforce the spherulitic structure of the polyethylene. This reinforcement
manifests in efficient modulus enhancement and dramatic strength improvement. Both
properties show well-behaved increases with increasing polystyrene content. The penalty
for such enhancements is a loss in fracture toughness. The same reinforcement of the
spherulitic structure also limits the ductile deformation processes of the structure. The
polystyrene reinforcement also seems to suppress the post-yield deformability of the
78
composite microstructure. This is particularly apparent in the process zones that form m
response to a stress concentration (crack tip). As polystyrene is incorporated, the ductile
damage mechanism transforms to a more brittle mechanism, and at some point, the brittle
polystyrene seems to form an easy path for a crack to follow. This results in a reduction in
the energy dissipation mechanisms and is evident in the drawing behavior-natural draw
ratio-and the fracture behavior-fracture toughness and tearing modulus.
There are some potentially engaging facts about these composites that have yet to be
investigated. As mentioned previously, a finer morphology between the polystyrene and
the amorphous polyethylene may exist and may be elucidated with transmission electron
microscopy and/or solid state NMR spectroscopy. From the electron micrographs
presented in Section 3.3, it seems that the addition of polystyrene causes an increase in the
interlamellae distance between crystalline domains (they spread apart), a phenomenon that
can be examined using small angle X-ray scattering. Also, the glassy polystyrene may
affect the dynamics of the amorphous polyethylene chains in an interesting way. How the
annealing of composites may effect a coarsening of the morphology and how this evolved
morphology affects mechanical peri'ormance may be of interest. Finally, the crystalline
structure certainly controls the final phase morphology, and what composites are produced
by substrates of different crystalline structure would be interesting.
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CHAPTER 4
POLYMERIZATION OF ETHYL 2-CYANOACRYLATE IN CARBON DIOXIDE
4.1 Introdiirtion
As discussed in Chapter 1
,
cyanoacrylate monomers can be polymerized
anionically, and usually in a living manner. Information gleaned from the literature
suggests that these living polymerizations can occur in the presence of carbon dioxide
(CO^), an agent that terminates most anionic polymerizations. • Evidence also exists
showing a termination reaction of living polycyanoacrylate anions by C0,.2 When taken
together, the literature evidence suggests two possible scenarios that are illustrated in
Figure 4. 1
.
Path A is the normal homopolymerization of the cyanoacrylate. The
cyanoacrylate anion can react with CO, to form an carboxylate anion. This anion can add
to new monomer to continue propagation and produce a copolymer that incorporates CO,
into the polymer backbone (Path B). The carboxylate anion can also decarboxylate,
reforming the cyanoacrylate anion, and continue normal propagation to produce a
homopolymer. To do this, however, requires that the kinetics of the cyanoacrylate anion
attack on CO, be competitive with normal homopolymerzation. If it is not competitive,
then the normal homopolymerization will dominate the system. If it is competitive, then the
equilibrium constant of carboxylation-decarboxylation and the relative reaction rates of
Paths A and B will dictate whether homopolymerization, copolymerization or both occur.
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The objective of this investigation was to determine whether the polymerization of
ethyl 2-cyanoacrylate (ECA) will occur in a CO^ medium and whether or not
copolymerization occurs. Running the polymerization in fluid carbon dioxide should
increase the potential for copolymerization. The increased concentration of CO^ (CO^ nov^
being the solvent) should tend to shift the equilibrium shown in Figure 4. 1 towards the
carboxylate anion. Increasing the CO^ concentration will also increase the probability of a
cyanoacrylate anion finding a CO^ molecule to attack before it encounters another
cyanoacrylate monomer.
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4.2 Experimental Sertion
4.2.1 Materials
Ethyl 2-cyanoacrylate (ECA) was supplied by Loctite and used without additional
purification. Ethyl propionate (99% pure) was purchased from Lancaster and used as
received. Pyridine (anhydrous, 99.8% pure) and tetrahydrofuran (anhydrous, 99.9%
pure) were purchased from Aldrich. The pyridine was distilled under dry nitrogen from
calcium hydride and stored over molecular sieves and the tetrahydrofuran (THF) was
distilled as needed under nitrogen from purple sodium benzophenone dianion. Carbon
dioxide was prepared in a manner that is described in Appendix A.
4.2.2 Conventional Polymerizations in TetrahyHrofuran
All glassware was base bathed, acid bathed (2.0 M aqueous sulfuric acid), and then
thorough washed with clean water and finally dried at 120 °C. All reagent handling and
reactions were conducted under a dry nitrogen atmosphere at 23 °C. Using a plastic
syringe, an aliquot of ECA monomer was transferred to a glass reaction vessel containing
THF. In a separate vessel, an initiator solution of a predetermined concentration of
pyridine in THF was prepared. While the monomer solution was vigorously stirred, a
predetermined amount of pyridineyTHF solution was syringed into the reaction flask. The
system was allowed to react for 1 h. The product was recovered by precipitation in
acidified methanol and subsequent filtration.
4.2.3 Polymerizations in Carbon Dioxide
Before the synthesis of poly(ethyl 2-cyanoacrylate) (PECA) was attempted, the
miscibility of ECA in CO2 was established. Various quantities (0.5-3.0 mL) of ethyl
propionate (a nonpolymerizing analog for ECA) were charged into a high pressure view
cell (see Appendix A) containing a Teflon-coated magnetic stir bar. The view cell was then
pressurized to 102 atm at 23 °C with a motorized high pressure generator (see Appendix
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A). Using a magnetic sdr plate placed under the view cell, the system was stirred.
Through the wmdows of the view cell, the clanty of the ethyl propionate/CO, solution was
observed. In all cases, the solutions were clear and colorless.
All reactions were carried out m high pressure stainless steel vessels (see Appendix
A). All parts of the vessels were washed in clean acetone, acid bathed (2.0 M aqueous
sulfuric acid), and then thoroughly washed with clean water, and finally dried at 120 °C.
Two vessels were used per reaction: a larger reaction vessel (22 mL) and a smaller mitiator
vessel (8.5 mL). All reactions were conducted at 23 °C. Using a plastic syringe, an aliquot
of ECA monomer was transferred to the reaction vessel. This vessel was then sealed and
filled with liquid CO, from a motorized high pressure generator to a pressure of 102 atm.
A predetermined amount of pyridine was transferred to the initiator vessel. This vessel was
then sealed and filled with liquid CO, to 204 atm. The concentrations of the ECA/CO, and
pyridine/CO, solutions were determined gravimetrically. The two vessels were then
connected by a 2 in. long stainless steel nipple. Under vigorous agitation on a vortex
mixer, the two vessels were opened allowing some of the contents of the initiator vessel to
flow into the reaction vessel as the pressure difference between the two vessels
equilibrated. The two vessels were then closed and separated. The reaction vessel was
then weighed to determine the mass of pyridine/CO, solution transferred into the reaction
vessel.
4.2.4 Characterization
13,C NMR spectra were recorded in deuterated acetone using a Bruker DPX 300
spectrometer. All chemical shift values are reported in ppm relative to tetramethylsilane.
IR spectra were obtained from films solvent-cast on potassium bromide plates using a Bio-
Rad FTS 175C spectrometer. The refractive index increment of the PECA in acetone was
measured using a Photal RM-102A differential refractometer. Molecular weights of the
synthesized polymers were measured using gel permeation chromatography (GPC) through
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Polymer Laboratories PLgel columns with a Wyatt Technology DAWN DSP-F hght
scattering detector. Acetone was the GPC solvent.
4.3 Synthesis Results;
4.3.1 Copolymerizatinn
Figure 4.2 shows the IR spectra of EGA monomer compared to the products
formed by polymerizations in THF and CO, When compared to the monomer, both
synthesized products exhibit the loss of yinyl vibrations at 3128 cm ' (asymmetric sp^ CH,
stretching) and 1615 cm ' (C=C stretching). The nitrile vibration at 2246 cm ' (C-N
stretching) is shifted to slight higher frequency, and the intensity is decreased due to the
loss of conjugation with the vinyl moiety. The product synthesized in THF is expected to
be pure homopolymer PECA. By IR, the product formed in CO, is indistinguishable from
the homopolymer prepared in THF.
86
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'')
Figure 4.2: IR spectra comparing ethyl 2-cyanoacrylate monomer (top), polymer
synthesized m THF (middle) and polymer synthesized in liquid CO2 (bottom). The two
polymers do not show any appreciable differences.
Figure 4.3 shows the '^C NMR spectrum of the product that was synthesized in
CO2. The spectrum matches the spectrum for pure PECA found in the literature with
signals at 6 166 (carbonyl carbons), 1 15 (nitrile carbons), 44 (main chain methylene and
quaternary carbons), 64 (side group methylene carbons) and 14 (side group methyl
carbons). 3 If COj were incorporated into the main chain of the polymer to any significant
extent, separate signals from main chain carbonyl carbons and shifted signals from main
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chain methylene and quatema,^ carbons would be expeeted. The shifted signals would
arise from cyanoacrylate monomer units bonded to electron-withdrawing CO, monomer
units. The extremely strong signals at 6 206 and 30 are due to deuterated acetone. The
spectra of products synthesized in THF were identical to that shown in Figure 4.3. The
NMR data concurs with the IR results that copolymerization does not occur under the
conditions used for synthesis.
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Figure 4.3: NMR spectrum of polymer synthesized in liquid CO2 showing clean
homopolymerization of ethyl 2-cyanoacrylate.
4.3.2 Molecular weights
Rather than use GPC with polystyrene calibration for molecular weight
determination, GPC with a light scattering (LS) detector was employed. The differential
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refractometry results are displayed in Figure 4.4. With the requisite linear correlation, the
refractive index increment, dn/dc, for PECA in acetone is 0.1 159 mL/g.
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Figure 4.4: Differential refractometry results for poIy(ethyl 2-cyanoacrylate) in acetone
showing excellent linear correlation and the refractive index increment, dn/dc = 0. 1 159
mL/g.
Table 4.1 summarizes the results of the polymerizations—showing conditions,
molecular weights and yields. Regardless of the solvent employed, unlike truly ideal living
anionic polymerizations, the measured molecular weights are much higher than the
theoretical values determined by the initial monomer to initiator ratio, [M](/[I]„. Also, the
dispersity ratios, MJM^^, are not nearly as narrow as those found in ideal living
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polymerizations. The results of this investigation agree with the conclusions found by
Johnston et al. for pyrtdine-inittated polymerizations of cyanoacrylates and indicates slow
and incomplete initiator utilization 4
Table 4. 1
:
Results of EGA (M) polymerizations by pyridine (I) in CO, and THF at 23 °C,
No. Solvent
4
5
6
7
CO,
CQ
CO
CO.
CO,
THF
THF
lo^rii
moi%° ^^y^^v
36.3
83
1.5
L2
274
28
38
120
656
830
38
12
lO-^-M^"'
(theorO
U
4~7
iTT
lO-'-M
(GPC/LS)
670
770
790
To
L5
L4
82.1
I0I9
iTT
1150
3490
1780
1880
1.7
13
Initial monomer concentration is the same for all reactions, [Mj^ = 1 0 mol%
M„ (theor.) assumes complete initiation, i.e. = ([M]o/[I]o)-(monomer MW).
Yield
%
91.4
85I"
89I"
86.7
800
8^8
The polymerizations conducted in liquid CO, were precipitation polymerizations.
The initial ECA/COj solutions, when the systems were observed in a high pressure view
cell, were clear and colorless. The view cell was illuminated from the back window to
allow observations of the transmitted light. As the polymerizations proceeded, the systems
became hazy and changed from colorless to light yellow and then dark orange in color.
Gradually, the hazy orange solution became dark, colorless and filled with large particles
that grew in size until the view cell became completely occluded. The color developments
are most likely due to scattering effects caused by small polymer particles suspended in the
CO,. The final polymer is a fluffy white product.
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4.4 Conclusions
The anionic polymerization of ECA in a CO, medium was attempted and determined
to be viable: that amomc polymerization of ECA proceeds effectively to completion in liquid
CO, Although CO, is susceptible to nucleophilic attack, CO, is not incoiporated into the
final polymer product to any measurable extent under the conditions used in this study.
Reducing the temperature of the system and diluting the ECA monomer concentration may
yield copolymer, however neither of these experiments were attempted in this work.
Generally, the polymerization results in CO, compare quite well to polymerizations found
in the literature with amine initiators in conventional solvents.
A more detailed study of cyanoacrylate polymerizations in CO, could certainly be
performed. Specifically, one could investigate the kinetics of the polymerization, the
effects of different initiators, the effects of concentration, the effects of temperature, the
effects of pressure, the potential for molecular weight control and the syntheses of different
block copolymers by sequential monomer addition. Other monomers should also
anionically polymerize in CO, The high reactivity of cyanoacrylate monomers toward
anionic polymerization is derived from the two electron-withdrawing substituents; any
monomer with two electron-withdrawing substiuents may anionically polymerize in CO,.
Another system that may be amenable to anionic polyermization in CO, is the ring-opening
polymerization of cyclic siloxanes (e.g. hexamethylcyclotrisiloxane) and
silethylenesiloxanes (e.g. 2,2,5,5-tetramethyl-l-oxa-2,5-disilacyclopentane). These
siloxane systems could be unique in that they should be homogeneous polymerizations; the
polymers that are produced are soluble in CO, (at certain conditions).
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CHAPTER 5
POLYrETHYI 9 A^,5;^JJS'i,'^'^"^CTERIZATION OFFU (bTHYL 2-CYAN0ACRYLATE)/P0LY(TETRAFLU0ROFTHYT pnp rnHEXAFLUOROPROPYLENE) SURFACE^:om
5.1 Introduction
In Chapter 2, a technique was described for the fabrication of bulk polymer/
polymer composites using SC CO,. That technique can be modified slightly to fabricate
composite surfaces. Shown in Figure 5.1 is a scheme modified for the preparation of
composite surfaces. First, a polymer substrate is soaked in a SC solution of CO, and an
intiator. Then the system is vented, trapping the initiator within the substrate. The
substrate is then introduced to a SC solution of CO, and a monomer. As the monomer is
absorbed into the substrate and the intiator begins to desorb from the substrate, the two
reactants meet within the upper surface region of the substrate. As the polymerization
procedes, further outward diffusion of the new polymer is halted. The result should be a
"surface composite." Exactly where within the substrate the secondary polymer forms
should depend on the relative diffusion rates of monomer into the substrate and initiator out
of the substrate.
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Figure 5. 1
:
Schematic showing the stategy for polymerizing ethyl 2-cyanoacrylate in the
surface of a fluoropolymer substrate using SC CO^ to produce a composite surface.
In this investigation, ethyl 2-cyanoacrylate (ECA) is polymerized in
poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP) substrates in an attempt to produce
a composite of the two, principally at the surface. A semicrystalline fluorpolymer substrate
was chosen because they are extremely solvent resistant. Monomers, especially polar
monomers, do not wet or absorb into the fluorpolymers well. ECA was chosen for its
polarity (in sharp contrast to the substrate) and for the living nature of its anionic
polymerization. Poly(ethyl 2-cyanoacrylate) (PECA) should remain active to further
monomer addition as more monomer absorbs into the substrate.
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5.2 Experimental Ser.tinn
5.2.1 Materials
Poly(tetrafluoroethylene-co-hexafluoropropylene)
was supplied by DuPont (Teflon
FEP lOOOA) as 10 mil (nominally) thick sheets. Ethyl 2-cyanoaciylate (ECA) was
supplied by Loctite and used without additional purification. The two initiators, pyridine
(anhydrous, 99.8% pure) and triphenylphosphine (99% pure), were purchased from
Aldrich. The pyridine was distilled under dry nitrogen from calcium hydride and stored
over molecular sieves. The triphenylphosphme was recrystallized thrice from ethanol and
dried under vacuum. Carbon dioxide was prepared in the manner described in Appendix
A. Ammonium hydroxide (ACS reagent grade, 28-30% NH3) was used as received from
Aldrich.
5.2.2 Preparation of PECA/FEP Composite Surfaces
All reactions were carried out in 22 mL high pressure stainless steel vessels (see
Appendix A). All parts of the vessels were washed in clean acetone, acid bathed (2.0 M
aqueous sulfuric acid), and then thoroughly washed with clean water and finally dried at
120 °C. The composite preparations required two steps, each using two separate 22 mL
vessels. All preparations were conducted at 40 °C.
In the first step (Step I), the first vessel (Vessel I) was charged with a preweighed
sample of FEP and an aliquot of initiator—either pyridine or triphenylphosphine. This
vessel was then sealed, preweighed and filled with SC CO^ at 40 °C from a motorized high
pressure generator (see Appendix A) to a pressure of 200 atm. The concentration of the
initiator/C02 solution was determined gravimetrically. Vessel I was then vigorously
agitated on a vortex mixer and allowed to soak at 40 °C for 24 h in a heated water bath. At
the end of the intiator soak, the vessel was vented and the FEP specimen removed. The
specimen was rinsed throroughly with copious amounts of clean acetone and blown dry
with nitrogen. To obtain an approximate mass uptake of the initiator into the FEP, a UV-
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vis spectrum of the specimen was obtained using a Perkin Elmer Lambda 2 spectrometer
with a virgin FEP specimen as the reference.
In the second step (Step II), the specimen was placed in the second vessel (Vessel
II) along with an aliquot of EGA transferred using a plastic syringe. Vessel H was then
sealed, preweighed and filled with SC CO, at 40 °C to 200 atm. The concentration of the
monomer/CO, solution was determined gravimetricallly. Vessel II was then vigorously
agitated on a vortex mixer and allowed to soak at 40 °C for various reaction times. At the
end of the reaction period, the vessel was vented and any unreacted monomer leaving the
vessel during the venting was noted. The specimen was removed and placed in a vial and
allowed to sit for 24 h before any further analysis was conducted.
For comparitive purposes, pure PECA specimens were prepared on pieces of clean
silicon wafers by a vapor deposition technique developed by Woods et al.' The silicon
wafers were dipped in pyridine and dried under blowing nitrogen gas. These substrates
were then suspended in a polypropylene container above a pool of ECA monomer that was
heated to 40 °C. Within a minute, a relatively uniform layer of PECA forms on the surface
of the silicon.
5.2.3 Preparation of Mercurv/Ammonia Modified FEP
The surface of FEP was mercury photosensitized and reduced by ammonia. The
preparative technique used was a slightly modified version of the technique developed by
Burdeniuc et al.2.3 into a quartz Schlenk vessel was placed a drop of mercury and a
sample of FEP. Connected to the vessel was an airtight reservoir of ammonium hydroxide.
The vessel was sealed and purged with nitrogen for 20 minutes. The vessel was then
opened to the ammonium hydroxide reservior (allowing the vessel to fill with ammonia
vapor) and irradiated for 24 h with 254 nm ultraviolet light in a Rayonet RMR-500
photochemical reactor. Afterwards, the modified FEP specimen was washed thrice with
water (deionized to 18 MQ), thrice with tetrahydrofuran (THE) (Fisher, HPLC grade) and
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thrice with methylene chioride (A.drich, 99.9%, ACS HPLC grade). Finally the specimen
was dried under flowing nitrogen.
5.2.4 Surface Characfprizafion
Surface compositions of the composite specimens and the mercury/ammonia
modified specimens were mvestigated using several surface sensitive techniques.
Attenuated total reflectance (ATR) IR spectroscopy was performed on a Bio-Rad FTS
175C spectrometer using a 45° germanium ATR element. X-ray photoelectron
spectroscopy (XPS) was performed on a Perkin Elmer-Physical Electronics 5100
spectrometer using Mg Ka X-rays. All XPS data were collected at takeoff angles of 15°
and 75° between the specimen surface and the detector. Advancing and receding contact
angles for both water (deionized to 18 MQ) and hexadecane (Aldrich, 99% pure) were
obtained using a Rame-Hart telescopic goniometer and Gilmont syringes.
5.2.5 Adhesion Characterization
The mechanical integrity of the composites and the mercury/ammonia modified PEP
was determined by measuring the fracture strength in cleavage of adhesive joints between
the composites and metal. The adhesive joints were formed by sandwiching composite
specimens between two metal strips coated with epoxy to form double-cantilever beam
(DCB) specimens. The epoxy adhesive is a consumer grade epoxy from Devcon (2 Ton
Clear) that was prepared and applied in accordance with the recommendations of the
manufacturer. The metal beams are stainless steel strips with dimensions 0.307 mm x 12.5
mm X 70.5 mm; they were cleaned with acetone prior to applying the epoxy. The DCB
specimens were loaded to failure on an Instron 1 123 testing machine fitted with an Instron
2525-807 load cell (±100 N) at a 2 mm/min crosshead speed. From the load-displacement
curves, the critical loads for failure and the compliances of the specimens were noted.
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j.3 Sampling nenihs of Snrf...
^nalvtiral T>.i,„^^..„„
Characterizanon of the surfaces involved using three surface-sensitive techniques,
each with a different sampling depth. In order of increasing surface sensitiv.ty, these
techniques are ATR IR spectroscopy. XPS and contact angle. There are many volumes
available that provide indepth coverage of surface characterization. The following
discussion is based on the information from Andrade's book.4 Sampling depth is defined
in this discussion as the depth into the sample from which 95% of the measured signal
originated.
The sampling depth of ATR IR spectroscopy depends on the wavelength, the angle
of incidence of the IR beam on the specimen and the refractive indices of the ATR crystal
and the specimen. The specimens examined here are mostly FEP, which has a refractive
index of 1 .345.5 The intemal reflection element is a 45° germanium crystal, which has a
refractive index of 4.0. With the stated paramters, the range of sampling depths into FEP
for absorbances in the 500-3000 cm ' wavenumber range is 1.3-0.2 |im. The sampling
depth decreases with increasing wavenumber. Thus, ATR IR spectroscopy is not very
surface sensitive. It does, however, provide information on what molecular species are
present in the outermost micron of a specimen.
The sampling depth of XPS depends on the electron mean free path within the
specimen and the angle between the specimen surface and the detector. The electron mean
free path depends on the kinetic energy of the electron and the density of the medium. The
kinetic energy of a C- Is electron is 969 eV when Mg Ka radiation is used. In FEP, that
electron has a mean free path of -17 A.4 At 15° and 75° takeoff angles, the XPS sampling
O 0
depth for C-ls electrons in FEP is --13 A and --50 A, respectively. XPS is very surface
sensitive compared to ATR IR spectroscopy. Unfortunately, XPS provides atomic
concentration, with very limited data concerning the bonding enviroment of the atoms.
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Liquid contact angle measurements involve using a probe fluid which sits on the
surface of the specimen. The sampling depth of contact angle experiments is, thus, only a
few angstroms, making this technique extremely surface sensitive. The contact angle that a
liquid makes with a surface is dependent on the fluid, the nature of the chemical groups
exposed to the surface, the distribution of the chemical groups and the roughness of the
surface. Chemical reactions and/or interactions between the probe fluid and the surface will
also affect the contact angle, however, this situation is usually avoided.
5.4 Composite Svntht^sis Resnlts
5.4.1 Pure Components
The virgin FEP specimens used in this study are translucent in appearance and
possess a density of 2. 14 g/mL. XPS of the FEP showed that the starting material is clean
and consists of approximately 33% carbon and 66% fluorine (F/C = 2) as expected; the
spectrum for FEP is displayed in Figure 5.2. The FEP seems to contain titanium as some
form of commercial additive. The dynamic water contact angles for FEP are 0 * = 121°
and 6/ = 99°. The dynamic hexadecane contact angles for FEP are a" = 55° and 0 " =
36°.
By XPS, PECA consists of 69% carbon, 20% oxygen, and 11% nitrogen (0/N =
2); the spectrum is displayed in Figure 5.3. The carbon content is slightly higher than the
expected 67% due to the surface activity of PECA and the likelyhood of some carbonacous
surface contaminants. The dynamic water contact angles for PECA are 0/ = 78° andA R
= 55°. The dynamic hexadecane contact angles for PECA are 0^" = 3° and 0^" = 0°. For
both water and hexadecane, the contact angles are reasonable for a substrate that contains
very polar nitrile and ester moieties.
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Figure 5.3: XPS spectrum of PECA obatined at a 15° take off angle between the specimen
and the detector.
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5.4.2 Composites Results with PvriHinP Tniti^t-r
Pyridine was used as one of the initiators and was loaded into the FEP substrates
during Step I of the fabrication technique. The UV spectra for FEP specimens soaked in
2.6 wt% and 0.5 wt% solutions of pyridine in CO, are shown in Figure 5.4. Using a
literature value for the extinction coefficient of pyridine (1995 L-mol '-cm ' at 250 nm),6 the
concentration, c, of pyridine loaded into the FEP specimens can be estimated using the
Beer-Lambert-Bouguet law:
A
""'el' (5.1)
where A is the absorbance, e is the extinction coefficient and / is the thickness of the
specimen. The specimens were 0.0232 cm in thickness. The specimen soaked in the 2.6
wt% solution of pyridine/CO, has a concentration of approximately 0.022 M (or
approximately 0.081 wt%), and the specimen soaked in the 0.5 wt% solution had a
concentration of approximately 0.0068 M (or approximately 0.014 wt%).
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Figure 5.4: UV spectra of FEP specimens soaked in supercritical solutions of pyridine/
CO2 at 40 °C and 200 atm for 24 h: (a) soaked in 2.6 wt% pyridine/CO,; (b) soaked in 0 5
wt% pyridine/COj. Specimens were 0.0232 cm thick.
The specimens soaked in either 2.6 wt% or 0.5 wt% pyridine/COj solutions did not
produce composites during Step 11 of the fabrication technique. In both cases, the reaction
time was 24 h, and after the reaction period, the specimens were found to be encased in a
thick layer of foamed PECA. The PECA foam could be peeled off the FEP substrates and
the underlying substrates did not exhibit any change in mass (i.e. no mass uptake of PECA
into the FEP). It was concluded that the diffusion of pyridine out of the substrate is much
faster than the diffusion of ECA monomer into the substrate and the polymerization occured
outside the substrate. All of the monomer was consumed in the "external" polymerization.
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5 .4.3 Compnsiles Result. T.^p
,,.„..|,,|,„3p^„^
Triphenylphosphine was also used as one of ,he initiators and. like pyridine, was
loaded ,nto the FEP substrates during Step I of the fabrication technique. The UV spectra
for a FEP specimen soaked ,n a 0.9 wt% solution of triphenylphosphine in CO, is shown
in Figure 5.5. Stmilar to the pyndtne system, the concentration of triphenylphosphine in
FEP after Step I can be estimated. A literature value for the extinction coefficient of
triphenylphosphine is 1 1.000 L-mol '-cm- at 261 nm.v The concentration of
triphenylphosphine in FEP is appoximately 0.00061 M or approximately 0.0075 wt%.
200 250 300 350 400
Wavelength (nm)
Figure 5.5: UV spectra of a FEP specimen soaked in a supercritical solution of 0.9 wt%
triphenylphosphine/CO; at 40 °C and 200 atm for 24 h. Specimens were 0.0232 cm thick.
103
Unlike the pyndine system, the triphenylphosphine system produced composites in
Step II. Composites were synthesized using three reaction times: 6 h, 24 h and 49 h. In all
cases, the composite specimens were not encased in PECA. The specimens remained
translucent although slightly more turbid than virgin FEP. Also, the specimens gained
mass and grew in dimension, both due to the uptake of PECA. The incorporation of PECA
in FEP increased with increasing reaction time, as is shown in Table 5.1. Polymerization
of monomer m the fluid phase did not occur. Polymerization took place only within the
FEP substrates.
Ifr^h.V
' ^'""'^
^"^^.^"d composition of PECA into FEP as a function of reaction timefor the triphenylphosphme system. v^a^uu umc
Reaction Time
(h)
Mass Uptake
(%)
Composition
(wt%)
6 19.4 16.3
24 31.2 23.8
49 69.9 41.1
Chemical characterization of the surface of the specimens showed that the materials
are composites. Comparisions can be made between pure FEP, pure PECA and the
composites. In all subsequent references, the composites are designated PECA/FEP-X,
where X is the reaction time used in Step II of the fabrication technique. The ATR IR
spectra of virgin FEP, PECA/FEP-24 and -49 are compared in Figure 5.6 . The XPS
spectra for PECA/FEP-24 and -49 are provided in Figures 5.7 and 5.8. The elemental
compositions, as determined by XPS, are tabulated in Table 5.2. The nitrogen, oxygen
and carbon contents increase and the fluorine content decreases with increasing reaction
time. The XPS results, however, show a lower content of PECA in the upper 10-50 A of
the specimens compared with the gravimetrically determined compositions shown in
104
Table 5. 1
.
The hexaHuoropropylene comonomer content in FEP is generally I 1 2 wt% 5
Assuming that the FEP material is made up of 12 wt% hexanuoropropylene, then the
chemical fomiula for an average FEP repeat unit is C,„„F,,,3, with a (repeat unit) molar
mass of 103.77 g/mol. The chemical formula for a PECA repeat unit is CANO, with a
molar mass of 125.13 g/mol. Using the nitrogen and nuorine concentrations determtned
by XPS and the chemical formulas of the repeat units of the component polymers, the mass
compositions of the specimens within the sampling depth of the XPS experiments can be
calculated. These surface mass compositions are tabulated in Table 5.3.
105
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm"')
Figure 5.6: ATR IR spectra comparing a composite synthesized for 49 h (top), a composite
synthesized for 24 h (middle) and virgin FEP (bottom). A 45° germanium crystal was used
as the ATR element.
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Figure 5.8: XPS spectrum of a PECA/FEP composite specimen synthesized for 49 h
(PECA/FEP-49) obtained at a 15° take off angle between the specimen and the detector.
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Table 5.2: XPS atomic composition data for FEP/PECA composite surfaces.
FEP
PECA
15
75
15
75
33.5
33.0
68.8
Atomic Concentration
F O N
(%) (%) (%)
65.2
65.7
20.7 10.1
1.3
1.3
PECA/FEP-24 15
75
42.1
37.0
47.5
56.9
6.7
3.7
3.3
1.8
0.4
0.5
PECA/FEP-49 15
75
453
43.2
TTi
46.4
9^0
6.7
4~2
3.7
Table 5.3: Mass composition of the surface of PECA/FEP composites as determined from
AriS data.
Sample Takeoff Angle
(deg)
Composition as determined
from N and F data
(wt% PECA)
PECA/FEP-24 15
75
25.8
13.7
PECA/FEP-49 25
75
33.6
28.5
Dynamic contact angle data are tabulated in Table 5.4. As might be expected,
PECA-24 is more like FEP than PECA/FEP-49. The advancing water contact angle is
higher for the composite specimens than pure FEP. This indicates a finely mixed
hydrophobic (FEP) and hydrophilic (PECA) surface. As the water droplet is advanced
over hydrophilic domains, the contact line pins causing the contact angle to increase above
the pure hydrophobic (FEP) value. The receding water angle is lower than the pure FEP
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value, ind,cating that the composites possess a slightly more hydrophilic surface. The
hexadecane results concur with the water results.
Table 5.4: Dynamic contact angle data for FEP/PECA composite surfaces.
Sample
FEP
PECA
PECA/FEP-24
PECA/FEP-49
Probe
Fluid
Water
Hexadecane
Water
Hexadecane
Water
Hexadecane
Water
Hexadecane
Contact Angles
(deg)
m
55
78
3
122
52
133
46
(deg)
99
36
55
0
86
18
83
15
PECA/FEP-24 specimens were both rinsed briefly in acetone and subjected to an
extensive extraction in THE. The extraction involved sonicating a specimen in THE at 60
°C for several days. The specimens were then analyzed gravimetrically and with XPS. By
XPS, the surfaces of the specimens showed a significant loss of PECA (Table 5.5).
However, gravimetrically, the specimens lost only a few fractions of a percent in weight.
The PECA is washed form the surface of the specimens, but the solvent resistance of FEP
prevents the extraction of PECA from within the bulk of the specimens. Certainly, a great
deal of the PECA is located below the surface of the specimens. To what depth the PECA
is incorporated and how it is distributed is not known.
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Table 5.5: XPS atomic composition data for PECA/FFP ia c^^-
acetone or extracted in tetrahydrofuran
^^^^*^EP-24 specimens that were rinsed in
Treatment
None
Rinsed in acetone
Extracted in THF
Takeoff
Angle
(deg)
C
(%)
Atomic Concentration
F
(%)
15
75
I?
75
39.4
37.4
409
37.0
58.0
61.1
572
61.5
O
(%)
2.0
0.8
Jl
0.8
N
(%)
Ti
(%)
0.4
0.5
OJ
0.8
0.7
0.8
5.5 Mercury/Ammonia Modification Results
Burdeniuc et al. have developed a convenient method of introducing polar moieties
into saturated fluorocarbons by reaction with ammonia with mercury photosensitization.2.8
They successfully modified poly(tetrafluoroethylene) (PTFE) and found a large reduction
in the sessile contact angle that water made with the surface. By IR they found bands that
they assigned to imine functionalities. However, they found that these bands disappeared
after washing the specimen in water, THF and methylene chloride.
Following the reaction technique described in Section 5.2.3, the modified FEP
specimen possessed a slight brown tint. This coloration is most likely due to the
introduction of unsaturation in the FEP specimen. A UV-vis spectrum of the modified FEP
is provided in Figure 5.9. The ATR IR spectrum of the modified FEP show some
additional peaks compared to pure FEP (Figure 5.10). Overall, the new peaks are
extremely small in comparision to the characteristic C-F stretching vibrations of FEP. Very
broad bands appear at 3340 and 3210 cm"'; these are characteristic of N-H amine stretching
and/or O-H hydroxy 1 stretching. A slightly broad band at 1644 cm"', most likely due to
N-H amine deformation or C=N imine stretching, is also observed. There is an increase in
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the C-H stretching bands in the 2850-2960 cm ' region,
.ndicaeing an increase in
the presence of nitriles. In contrast to the modified PTFF .v • r.ic a r F E examined by Bumeniuc et al
the modified FEP seems to retain the 1 644 cm ' viKro.-
1 (544 vibration even after the water, THF and
methylene chloride washes.^
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Figure 5.9: UV-vis spectrum of FEP modified by mercury photosensitization in the
presence of ammonia. Specimens were 0.0232 cm thick.
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Figure 5. 10: ATR IR spectra of FEP modified by mercury photosensitization in the
presence of ammonia (top) compared to virgin FEP (bottom). A 45° germanium crystal
was used as the ATR element. ^
XPS of the modified FEP confirms the introduction of nitrogen and oxygen into the
surface of the specimen. Notably, the fluorine content is dramatically decreased. The 15°
take off angle spectrum is provided in Figure 5. 1 1 and the atomic concentrations are
provided in Table 5.6. The XPS data shown here compare well to the XPS data of
similarly modified FEP specimens investigated by Tong and Shoichet.9 Dynamic contact
angle data are provided in Table 5.7 and show that the modified FEP is much more
hydrophilic than virgin FEP. Both Bumeniuc et al. and Tong and Shoichet used flowing
anhydrous ammonia gas in their reaction techniques, whereas ammonium hydroxide was
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certainly p.sen. in .he reaction vessel, Coes no. adversly affec.
.he
.odification of FEP.
BINOINC ENERGY, eV
30Q.e 200. G
Table 5.6: XPS atomic composition data for FEP modified by mercury photosensitizationm the presence of ammonia.
Sample
Takeoff
Angle
(deg)
C
(%)
Atomic Concentration
F O N
(%) (%) (%)
Ti
(%)
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Table 5.7: Dynamic contact angle data for FEP modified bvthe presence of ammonia i"uuiri a Dy mercury photosensitization in
Sample
Virgin FEP
Hg/NH3 modified
FEP
Probe
Fluid
Water
Hexadecane
Water
Hexadecane
Contact Angles
(deg)
0^ (deg)
121
55
66
6
99
36
3
0
Because the surface of the modified FEP specimens contams amine functionalities,
these surfaces can be used to initiate the polymerization of ECA. A clear PECA coating
was formed on a modified FEP specimen using the same vapor deposition method
described eariier and developed by Woods et al.i By IR and XPS, the coating is uniform
and pure PECA. This experiment demonstrates another potentially useful and more facile
technique of applying polar functionalities to a fluoropolymer substrate.
5.6 Mechanical Performance
The fracture strength in cleavage of the DCB specimens can be described by the
opening mode fracture toughness, G^. This is a measure of the energy to propagate a crack
(create new crack surface area) assuming linear elasticity and is calculated by:
fdC{a)
2B ^ da
where B is the beam thickness (0.307 mm), is the critical load at failure, mdQa) is the
specimen compliance as a function of a
,
the crack length. The use of metal beams in the
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DCB geometo. allows U,e compliance of the test specimens ,o be dom.nated by the
compliance of .he me.al beams. A schematic of the ,es, specimen is shown m Figure 5.12,
a
stainless steel
m
composite
specimen
Figure 5.12: Schematic representation of a double-cantilever beam adhesive test specimen.
The metal beams must be calibrated to obtain their compliance as a function of crack
length. DCB test specimens can be simulated by clamping the metal beams together and
measuring their compliance at various clamped distances from the loaded ends (thus
simulating different crack lengths). Figure 5.13 shows the calibration curve for the metal
beams. From this curve, the compliance as a function of crack length and the derivitave of
the compliance with respect to crack length can be determined. This curve can be used to
back-calculate the starting crack length of the test specimens once the compliance of the test
specimen is measured, because the compliance of the metal beams dominates the
compliance of the test specimen. This back calculation requires the use of an iterative
numerical method, but that is a trivial problem for modem computers.
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Figure 5. 13: Calibration curve showing the compliance as a function of crack length for the
double-cantilever beam specimens used in adhesion tests.
Figure 5.14 shows a typical load-displacement curve generated during a DCB
adhesive fracture test. As can be seen, the specimens behave linear elastically until a critical
load is achieved, after which the specimen fails by cleavage between one of the metal
beams and the specimen. From the slope of the load-displacement curve, the compliance of
the specimen can be determined which in tum provides the crack length and the derivative
of compliance with respect to crack length. This and the measured critical load allow the
calculation of fracture toughness. The locus of failure was determined to differentiate
whether cleavage occurs within the specimen, at the specimen-epoxy interface, within the
epoxy or at the epoxy-metal interface. XPS was employed when the locus of failure was
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not visually obvious. If failure appeared to ocn.r at th.a cu at the specimen-^poxy interface, then
both sides of the interface were examined using XP^ Th. • ,luiiiea AHS. The chemical composition of the
cleaved surfaces gives an indication of where the failure actually occured.
0 1 2 3 4 5 6
Displacement, u (mm)
Figure 5. 14: A representative load-displacement curve of a DCB adhesive test on a
PECA/FEP-49 composite. Note the compliance (from the slope of the curve) and the peak
load at failure.
Table 5.8 lists the adhesive fracture toughness of various specimens tested, and
Table 5.9 lists the XPS data used for the failure locus determinations. FEP, as is expected,
forms a very weak bond with epoxy. XPS reveals that failure occurs cohesively within the
FEP specimen, as is evidenced by the fluorine content at the surface of the epoxy side.
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Unfonunately, the PECA/FEP-24 composites a,so fo™ vet, weak bonds to the epoxy
The toughness values for FEP and PECA/FEP-24 are identical. The failure locus XPS data
shows that, like FEP. the PECA/FEP-24 composites also fail cohesively within
.he
specimen. The fatlure locus data provdes a hypothesis for the poor bondtng behavior of
both samples.
,t is not the lack of adhesion between FEP and epoxy that causes the poor
performance, rather it is FEP's cohesive weakness that cause easy failure in adhesion tests.
The PECA/FEP-24 composite is predominantly FEP in composition and also fails as
though it was pure FEP. This weak cohesive performance of FEP may be a bulk property
or evidence of a weak "surface layer".
Table 5.8: Adhesive fracture toughness data
Sample
FEP~
PECA/FEP-24
PECA/FEP-49
Hg/NHj modified FEP
Adhesive Fracture Toughness, G,
(kJ/m')
0.00051 ±0.00012
0.00051 ±0.00011
0.00452 ±0.00078 *
0.02594 ±0.00360 **
Mixed failure between specimen-epoxy and metal-epoxy interfaces
** Failure only at metal-epoxy interface
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Table 5.9: XPS atomic composition data of the two sides of cieaveH nrR t.ctwhere failure occurred at the specimen-^poxy interface specimens
Sample
and Side
Virgin Cured Epoxy
FEP
Specimen Side
FEP
Epoxy Side
PECA/FEP-24
Specimen Side
PECA/FEP-24
Epoxy Side
Takeoff
Angle
(deg)
15
75
15
75
15
75
T?
75
15
75
C
(%)
800
77.7
357
37.7
67.8
71.1
36.4
70.1
71.4
Atomic Concentration
F
(%)
64.4
62.1
18.3
9.1
53~1
61.6
13.9
9.8
O
(%)
n~o
12.3
11.3
16.2
1.1
12.5
13.7
N
(%)
9^
10.0
2.7
3.6
3.5
5.1
Ti
(%)
0.2
0.2
0.8
0.9
In contrast to PECA/FEP-24, PECA/FEP-49 shows an order of magnitude
improvement in the adhesion tests. The failure locus was determined by eye. Visually,
one could see patches of the specimen where epoxy remained bonded and other areas
where the specimen was visible. The PECA/FEP-24 results suggest that adding polar
groups to the FEP surface is not necessary to improve adhesive performance. What is
needed, is a method of strengthening the cohesive performance. The higher incorporation
of PECA in the PECA/FEP-49 specimens may have provided that strengthening.
The FEP specimens modified by mercury photosensitization in the presence of
ammonia were also tested. These specimens show very strong adhesive performance. All
specimens failed at the metal-epoxy interface, so the adhesive toughness for the modified
FEP is actually higher than the value in Table 5.8. The modification has changed the
chemical structure of the FEP at the surface and thus has not only improved wettability, but
more importantly, has changed the cohesive performance of the material. Exactly how this
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improvement
,„ cohesive strength oecurs is not known. Perhaps sotne type of crosslinking
occurs or perhaps it is just the nature of the new material.
5.7 Conclusions
Using the scheme shown in Figure 5. 1 (a modification of the composite synthesis
method described in Chapter 2), it is possible to produce composites of PECA and FEP.
The goal of producing a composite at the surface of the FEP substrate was only partially
achieved when triphenylphosphine was used as the initiator. The amount of PECA
incorporated into the substrate could easily be varied by controlling the time that the
initiator-containing substrate was allowed to soak in the ECA/CO, solution. With longer
soak times, more monomer was absorbed into the substrate and incoiporated with the
existing living PECA. Surface analysis showed that the surface of the substrate was indeed
a mixture of PECA and FEP. However, gravimetric analysis and extraction experiments
showed that the majority of the PECA was located below the surface. The ECA monomer
diffuses into the substrate faster than the triphenylphosphine can diffuse out. The location
of the polymerization is thus below the surface.
The surface composite fabrication technique investigated here was not optimized.
Pyridine diffuses out of the substrate much faster that triphenylphosphine. The
experiments with pyridine showed that with the faster diffusing initiator, the polymerization
location was entirely outside the substrate. By selecting an appropriate anionic initiator,
one with an appropriate diffusivity under the chosen reaction conditions, the location of the
polymerization should be controllable. An initiator that diffuses out of the substrate faster
than triphenylphosphine, but slower than pyridine should produce a more surface-stratified
composite. An investigation of different intiators and different monomers (e.g. butyl 2-
cyanoacrylate) would be a logical next step to this research.
Still, with enough PECA incorporation, the composites showed an improvement in
DCB cleavage tests. DCB cleavage tests are designed to test the integrity of
120
substrate/adhesive joints. The reason for the
..proved performance of .he eon,pos,.es was
no. due
.0 increased adhesion be.ween
.he subs,ra.e and
.he .es. adhesive (epoxy). Add.ng
funconal groups .o .he surface did no. in,prove
.he performance of .he conrposi.es
Mechan,cal iniegri.y
,„ .he DCB
.es.s was
..proved by enhancing of .he cohes.ve s.re„g.h
of .he subs.ra.e surface. Joints of pure FEP and epoxy are poor. no. because of poor
adhesion be.ween
.he ,wo materials: ra.her,
.he join.s fa„ within
.he FEP ei.her due .0 poor
bulk cohesiveness or the exis.ance of a weak surface later. The
.ncorporat.on of PECA into
FEP a. high enough concen.ra.ions seems to enhance the cohesive strength of the material.
The modification of FEP by mercury pho.osensi.ization in the presence of ammonia
was also examined. This is a very facile technique for reducing a fluorocarbon surface and
introducing amine functionalities to the surface. The modified surface is much more
hydrophilic and performs extremely well in the DCB test. These amine-functionalized
surfaces can also be used in subsequent reactions, including the initiation of cyanoaaylate
polymerizations, to make very well adhered coatings on a flucqjolymer substrate.
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APPENDIX
HIGH PRESSURE EQUIPMENT
A. 1 Supercritical Carhon DioxiHe. nen^r^ur^j^
Coleman grade (99.99% pure) carbon dioxide (CO^) was purchase from Mernam-
Graves. The CO, was further purified by flowmg through columns packed with activated
alumina (LaRoche Industries) and a copper oxide catalyst (Engelhard Q-5) to remove water
and oxygen, respectively. This CO, supply was hard plumbed to two separate high
pressure generation setups: a manually operated generation system and a motorized
generation system.
A schematic of the manually operated high pressure generation system is provided
in Figure A. 1
.
This system consists of two stainless steel 12 in. long x 1 in. O.D. x 0.688
in. I.D. coned-and-threaded nipples (Autoclave Engineers CNLX16012) capped at their
ends with 1 in. female medium pressure to 1/4 in. female high pressure couplings
(Autoclave Engineers 20F16463). The bore diameters of the CNLX16012 nipples were
honed by Amherst Machine to 0.687-0.689 in. I.D. Inside the 1 in. O.D. nipples are brass
O-ring sealed pistons (fabricated by Amherst Machine). The dimensions of the 0-ring
grooves of the pistons follows specifications laid out in the Parker 0-Ring Handbook.' A
schematic drawing of the pistons is provided in Figure A.2. The 0-rings were purchased
from Parker Seals and are size 112 and made of compound E652-90 ethylene propylene
rubber (this compound possesses good resistance to hot water and explosive
decompression). Within the CNLX16012 nipples and above the pistons is water that is
pressurized by a manually operated piston screw pump (High Pressure Equipment 60-6-
10). The water compresses the CO, below the piston. The CNLX16012 nipples are
surrounded by copper cooling coils containing water that is chilled (when needed) by a
refrigerated circulator. The nipples are also wrapped with 1 in. wide x 8 ft long silicone
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rubber heating tapes (418 W). Power for the heating tapes is supphed through 10 A solid
state relays (Omega Engineering SSR240DC10) and is controlled by PID process
controllers (Omega Engineermg CN76022). The CO, pressure is monitored using a
pressure transducer (Omega Engineering PX302-10KGV) wired to a panel meter (Omega
Engineering DP25-S);
.he water pressure is measured using a dial gauge (Autoclave
Engineers P-(M82-CG). The capacity of each CNLX 1601 2 nipple (w,th a piston) is
approximately 70 mL. The maximum allowable conditions of this system are 10,000 psi
and 1 20 °C.
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Cu Catalyst
^
Figure A. 1
:
Schematic of the manually operated high pressure generation system.
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Piston
O.D.
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Figure A.2: Schematic of the piston design. The pieces are made out of brass and held
together with two stainless steel set screws.
A schematic of the motorized high pressure generation system is provided in Figure
A.3. This system consists of a motorized screw syringe pump purchased from Isco (model
lOODM). The pump is controlled by a computerized console that monitors and controls
pressure, volume and flow rate. The pump is surrounded by a temperature jacket that is
plumbed to a heating/cooling circulator. The volume of the syringe pump is approximately
100 mL. The maximum allowable conditions of this system are 10,000 psi and 80 °C.
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Figure A.3: Schematic of the motorized high pressure generation system.
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A.2 High Pressure Reaction Ve.^^Pk
Two sizes of high pressure reaction vessels were used. The wall thickness of these
vessels corresponds to the codes established by the American Society of Mechanical
Engineers for the construction of presssure vessels.2 There are many volumes devoted to
the proper design and fabrication of pressure vessels.3-5 The 8.5 mL (nominal) volume
vessels were fabricated from 7/8 m. type 316 stainless steel hexagonal rod cut into 4 in.
long pieces. These were drilled and reamed to 7/16 in. I.D. and tapped on both ends for
1/4-18 NPT. One end of each vessel was capped with a 1/4 in. female high pressure to 1/4
in. NPT male adapter (High Pressure Equipment 30-21HF4NMB), where the 1/4 in.
female high pressure connection was plugged (High Pressure Equipment 60-7HM4). The
other end of each vessel was fitted with a 1/8 in. female high pressure to 1/4 in. NPT male
adapter (High Pressure Equipment 30-21HF2NMB). This working end of each vessel was
fitted with a two way high pressure valve (High Pressure Equipment 30-1 1HF2) for 1/8 in.
OD tubing. The maximum allowable pressure for these vessels is 9,000 psi.
The larger vessels had a 22 mL (nominal) internal volume. These were fabricated
from 1 in. type 316 stainless steel hexagonal rod cut into 6 in. long pieces. The pieces
were drilled and reamed to 9/16 in. I.D. and tapped on both ends for 3/8-18 NPT. The
plugged end of each vessel was fitted with a 1/4 in. female high pressure to 3/8 in. NPT
male adapter (High Pressure Equipment 30-21HF4NMC) and 1/4 in. high pressure plug
(High Pressure Equipment 60-7HM4). The working end of each vessel was fitted with a
1/8 in. female high pressure to 3/8 in. NPT male adapter (High Pressure Equipment 30-
21HF2NMC) and a 1/8 in. two way valve (High Pressure Equipment 30-1 1HF2). The
maximum allowable pressure for these vessels is 7,785 psi
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A.3 Hi^h Pressure Vipw r^i|
A high pressure view cell was machined from a 1.25 in. type 316 stainless steel
hexagonal rod by Amherst Machine. The des.gn of the cell (and its associated end caps) is
provided in Figure A.4. The two ends are capped w,th 1/2 in. thick x 3/4 in. diameter
quartz windows. The pressure seal is provided by size 1 12 Buna N 90 durometer O-rings
(Marco Rubber) that are compressed under the wmdow faces. The windows are held in
place by the two threaded end caps. A brass washer ts placed between the each w.ndow
and end cap. Two side ports, 1 80° opposed, are drilled and tapped mto the s,de of the view
cell. The side ports are fitted with 1/8 in. female high pressure to 1/8 in. male NPT
adapters (High Pressure Equipment 30-2 1 HF2NMA) to allow the attachment of valves,
plugs, thermocouple adapters, etc.
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Figure A.4: wSchcmatic of the view cell (and end caps) design. All pieces are made of type
316 stainless steel.
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A.4 Referenr.^.>;
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